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GENERAL INFORMATION

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

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

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

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

REPRINTING PROCEEDINGS MATERIAL. The right to reprint portions or abstracts
of the papers, discussions, or editorial notes in the PROCEEDINGS is granted
on the express condition that specific reference shall be made to the source
of such material. Diagrams and photographs published in the PROCEEDINGS
may not be reproduced without making specific arrangements with the Insti-
tute through the Secretary.

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

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

Published monthly by

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

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

330 West 42nd Street, New York, N. Y.
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OSCAR B. HANSON
Director, 1938

Oscar B. Hanson was born on February 11, 1894, in Huddersfield, England.
After being privately educated in England he came to America and entered the
Marconi School in 1912. On obtaining his license, he went to sea as an operator.
From 1917 to 1920 he worked in the testing department of the Marconi Com-
pany, becoming chief testing engineer, and then returned to sea.

In 1921 he joined the staff of WAAM, in Newark, New Jersey, and a year
later became assistant to the plant engineer of WEAF, then operated by the
American Telephone and Telegraph Company. He has directed the technical
operations and engineering activities of the National Broadcasting Company
since its founding in 1926. He has been responsible for the design and construc-
tion of the NBC studios at 711 Fifth Avenue in New York City, in the Merchan-
dise Mart in Chicago, in Washington, D. C.; Cleveland, Ohio; Hollywood, Cali-
fornia; and the present Radio City studios in New York. He is in charge, also,
of the television work of the National Broadcasting Company.

Mr. Hanson joined the Institute as an Associate in 1918 and transferred to
Member in 1927.



INSTITUTE NEWS AND RADIO NOTES

Proceedings Format
The January, 1939, issue of the PROCEEDINGS will exhibit the first

major changes in its appearance since Volume 1, Number 1, came off
the presses in 1913. For a quarter of a century, its granite -gray cover
and "pocket" size have been familiar to radio engineers the world over.
Our library shelves carry positive evidence of the many thousands of
pages which have been distributed within these gray covers. We have
been . able to include within their confines the most complex and
lengthy mathematical formulas and when illustrations were too large,
we could always paste in a folded sheet to accommodate them. With
these thoughts in mind, it is very reasonable to ask "Why not let well
enough alone?"-"Why make a larger page size which will be more
difficult to read on a train"-"Why interrupt the smooth continuity of
the volumes on our library shelves?"-"Why relinquish an appearance
which is known the world over?"-"Why-?"

Several times during the past ten years, our Board of Directors has
considered changing the PROCEEDINGS size, shape, or color. Invariably
the answer was "No." However, in October of 1937, the Board of
Editors met in response to some pointed criticisms of the methods of
handling various types of material published regularly in the magazine
and the rate at which papers were published. A change in size offered
the most effective attack on these problems but it was very evident
that there was little sympathy for such drastic measures. The Editors
agreed to think it over and to obtain more definite data on these
changes. A series of meetings ensued and the result was a decision to
recommend to the Board of Directors that the PROCEEDINGS be made
over but in its mechanical elements only. The Directors agreed to
these changes in May, 1938. In the interim, detailed preparations for
these changes have uncovered no evidence which would seem to dis-
agree with the basic plans.

The most important problem at the present time is insufficient
space to accommodate all of the material which is accepted for pub-
lication. When funds were relatively abundant, a lag of about three to
five months from the time a manuscript was received until its appear-
ance in the PROCEEDINGS was considered normal. It compared favor-
ably with other publications of a similar nature using comparable
methods of editing and publishing. During our "deficit" years, when

1417
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funds for publication were limited, this time lag spread to over a year.
During 1936, this condition improved but once more is showing strong
evidence of a relapse. The result of this delay in publication is seri-
ous not only in that useful engineering data are withheld from the
reader but important papers are published elsewhere because more
prompt publication can be had. These may be lost entirely to many
of our readers and authors are encouraged to think in terms of other
journals as outlets for their papers.

There are two main sources of publication funds: the membership
and the advertiser. There are four variables: the number of members,
the average dues paid by each, the number of advertisers, and the
amount spent by each. The difficulties of increasing the membership
and the small effect it has on the number of additional pages that can
be published, since more copies have to be supplied for an increasing
membership, makes that course relatively unresponsive. Similarly,
although our dues are about the lowest of any large engineering society,
these are inappropriate times to ask for more money. Advertising reve-
nue offers the best source and an examination of the present situation
shows certain important factors.

Not being of the popular variety, the PROCEEDINGS will always
have a relatively small circulation in comparison with others in the
radio field. In general, advertisements are prepared for use in all pub-
lications but are designed to fit those magazines having a common
page size. The irritation, cost of new art work, and general revision
of this copy is, of course, intimately associated with the "special" job
for which it must be prepared and is a barrier to the sale of advertising
space in the "nonstandard" magazines. All this means reduced income
from advertising.

An analysis of 508 magazines carrying advertising and distributed
in fields in which engineering is an important factor showed 53 percent
using an advertising type page of 7 inches by 10 inches. The other 239
publications were scattered widely over 132 different sizes. The trend
towards a standard size is, thus, sharply evident. Discussions with
present and potential advertisers confirm the desirability of the more
generally adopted size. It is estimated that when the new size is estab-
lished, the increase in advertising income will be equivalent to a sub-
stantial increase in dues and as the money will be spent for more
PROCEEDINGS space, the benefit to the membership will be direct.

The outside dimensions of the page are fixed by the mechanical
tolerances demanded by commercial printing methods, the smallest
size, which is used by any of the publications analyzed, which have the
7 -inch by 10 -inch type page, is 84 inches by 11 inches, the standard
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letter -sheet size. This fits all standard filing cases and sectional and
other bookcases are readily available to accommodate it.

Contributory reasons for this decision are numerous and some are
as follows. By far the largest use of the PROCEEDINGS is made at desks
or worktables. The new size will stay open at any page without being
weighted, something which the smaller size does not do. Folded and
pasted inserts are not only expensive but offer problems in binding
annual volumes as they are often damaged in trimming the edges.
The larger size will avoid many of these. Longer mathematical equa-
tions can be handled without being broken. Two columns on each
page will make for easier reading and will permit even larger illustra-
tions in most cases than are now used.

In making this change in its publication policies, the Institute
has unconsciously followed the history of many of the major engineer-
ing societies, none of which have ever reversed the process. Thus
we have good reason for anticipating appreciable benefits and con-
veniences to the readers of the PROCEEDINGS as a result of the im-

pending change.

October and November Meetings of the Board of Directors
The Board of Directors met on October 5 in the office of the In-

stitute. Those present were Haraden Pratt, president; Melville East -
ham; treasurer; H. H. Beverage, Ralph Bown, F. W. Cunningham,
Alfred N. Goldsmith, 0. B. Hanson, Alan Hazeltine, L. C. F. Horle,
E. K. Jett, A. F. Murray, B. J. Thompson, H. M. Turner, and H. P.
Westman, secretary.

Forty applications for Associate, two for Junior, and four for Stu-
dent grade of membership were approved.

Approval was granted of a number of manufacturing standards to
be submitted to the American Standards Association by the Sectional
Committee on Radio.

Permission was granted to the Technical Committee on Electronics
to hold an informal conference in New York during January, 1939.

A Technical Committee on Symbols was established to handle both
letter and graphical symbols.

Final modifications were made in the proposed amendments to the
Institute Constitution which are now to be prepared in printed form for
circularization to the membership for balloting.

A memorandum outlining the objectives and program to be followed
in the preparation of the annual reviews of 1938 activities was adopted.

An Investments Committee, comprised of Treasurer Eastham as
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chairman and Doctors Bown and Goldsmith, was appointed to re-
port to the Board on the present status of the Institute's investments.

The November meeting of the Board of Directors was held on the
2nd in the Institute office. Those present were, Haraden Pratt, presi-
dent; Melville Eastham, treasurer; E. H. Armstrong, H. H. Beverage,
Ralph Bown, Alan Hazeltine, L. C. F. Hoyle, C. M. Jansky, Jr., A. F.
Murray, B. J. Thompson, H. M. Turner, and H. P. Westman, secre-tary.

It was agreed that, starting in 1939, the Technical Committee on
Television and Facsimile would be divided into two committees to
treat independently the two subjects now covered by the single
committee.

A. L. Green was transferred to Fellow, and J. B. Epperson, A. Lopez,
and W. D. Oliphant were transferred to Member grade. H. L. Crowley,
G. L. Crossley, S. P. Chakravarti, and R. P. Siskind were admitted tothe grade of Member. Twenty-six Associates, four Juniors, and four
Students were elected.

As the result of the ballots cast in the election of officers, R. A.
Heising was declared elected President for 1939 and P. 0. Pedersen,
Vice President; V. M. Graham, F. B. Llewellyn, and B. J. Thompson
were declared elected Directors to serve for the period 1939-1941.

An invitation to be represented on the Sectional Committee on
Electrical Installations on Shipboard - C66 of the American Stand-
ards Association was accepted and I. F. Byrnes and F. D. Webster
designated to serve thereon.

A committee was appointed to investigate interference in radio
reception with the thought of collecting information which would be
of use to other groups active in the suppression of such interference.

The Fourteenth Annual Convention will be held in New York City
at the Hotel Pennsylvania on September 20-23, 1939. H. P. Westman
was designated chairman of the committee in charge of the convention.

In response to a petition, a section of the Institute was provisionally
established in Portland, Oregon.

Electronics Conference
An informal conference on the advanced problems of ultra -high-

frequency electronics, electron optics, and the electronic problems of
high-transconductance devices will be held in New York City about
the middle of January, 1939. Final arrangements have not been com-
pleted but it is expected that the meeting will occupy two days. Any-
one desiring to attend should write the Secretary for further de-
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tails and indicate the subject which he will be prepared to discuss. It is
expected that the discussions will be of interest chiefly to specialists in
these specific fields and no formal papers will be presented.

Committee Work

ADMISSIONS COMMITTEE

A meeting of the Admissions Committee was held in the Institute
office on Wednesday November 2 and attended by H. P. Westman,
acting chairman and secretary; Melville Eastham, J. F. Farrington,
L. C. F. Horle, C. M. Jansky, Jr., and A. F. Van Dyck. Five applica-
tions for transfer to Member grade and two for admission to that grade
were approved.

ANNUAL REVIEW COMMITTEE

A meeting of the Annual Review Committee was held on October 3
in the Institute office. Those present were A. F. Van Dyck, chairman,
E. K. Cohan, J. D. Crawford, assistant secretary; D. E. Foster, J. K.
Henney, E. G. Ports, L. E. Whittemore, and H. P. Westman, secre-
tary.

The meeting was devoted to the writing of a memorandum out-
lining the scope and procedure for the preparation of the annual re-
views for 1938.

BOARD OF EDITORS

On September 28, a meeting of the Board of Editors was held in
the Institute office. It was attended by Alfred N. Goldsmith, chairman;
R. R. Batcher, P. S. Carter, J. D. Crawford, advertising manager; B.

E. Shackelford, and H. P. Westman, secretary.
Further work was done in the preparation for the new format of

the PROCEEDINGS.

ELECTRONICS CONFERENCE COMMITTEE

On October 27 there was held in the Institute office a meeting of

the committee charged with the preparations for the Electronics Con-
ference to be held in New York City in January. F. R. Lack, chairman;
R. M. Bowie, J. D. Crawford, assistant secretary; L. F. Curtis, F. B.
Llewellyn, G. F. Metcalf, G. A. Morton, B. J. Thompson, and H. P.
Westman, secretary, were present.

The scope of the conference and a number of problems pertaining
to its operation were discussed. Subcommittees were appointed to
consider further some of the problems and prepare recommendations
to be acted on by the entire committee.
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INVESTMENTS COMMITTEE

The Investments Committee met in the Institute office on No-
vember 3 and those present were Melville Eastham, treasurer and
chairman; Ralph Bown, and H. P. Westman, secretary. A preliminary
examination of the Institute's investments was made and some general
recommendations prepared. Data on specific recommendations for
submission to the Board of Directors will be gathered prior to the
next meeting of the committee.

TELLERS COMMITTEE

The Tellers Committee comprising L. G. Pacent, chairman; L. A.
Kelley, F. M. Ryan, and H. P. Westman, secretary, met in the In-
stitute office on October 28 and counted the ballots cast in the election
of officers.

TECHNICAL COMMITTEE ON RADIO RECEIVERS

On November 9 the Technical Committee on Radio Receivers met
in the Institute office. Those present were D. E. Foster, chairman;
C. R. Barhydt, R. I. Cole, L. F. Curtis (representing D. E. Harnett),
H. B. Fischer, C. J. Franks, R. S. Holmes, D. D. Israel, J. D. Parker
(representing E. K. Cohan), A. E. Thiessen, and H. P. Westman,
secretary.

General discussion was given to the preparation of the annual re-
view material on the subjects within the scope of this committee.
Consideration was also given to the existing standards and the neces-
sity of expanding the field covered by them.

TECHNICAL COMMITTEE ON TELEVISION AND FACSIMILE

On September 29 the Technical Committee on Television and
Facsimile met in the Institute office. Those present were H. P. West -
man, acting chairman and secretary; R. R. Batcher, G. L. Beers, J. D.
Crawford, assistant secretary; K. B. Eller (representing J. W. Milnor),
P. C. Goldmark, H. NI. Lewis, R. M. Mathes (representing J. L.
Callahan), A. F. Murray, and F. W. Reynolds (representing A. G.
Jensen). This meeting was devoted to a discussion of the standardiza-
tion work which comes within the province of the committee. Subcom-
mittees were appointed to prepare preliminary reports.

Institute Meetings
ATLANTA

On September 15 the Atlanta Section met at the Acoustic Equip-
ment Company studios, C. F. Daugherty, chairman, presided and
there were fourteen present.
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"Some Recent Developments in Instantaneous Disk Recording"
was the subject of a paper by P. C. Bangs of the Acoustic Equipment
Company. Instantaneous and processed recordings were first described
and compared. The particular equipment used by this studio was then
described including the recorder, audio -frequency amplifiers, the band-
pass tuned -radio -frequency receiver used for broadcast program
pickup, and the playback and monitoring equipment.

Characteristics of cutting heads, factors governing the number of
grooves per inch and the minimum groove circumference, frequency
distortion compensation, cutting -head power level, and the weight of
the head on the record surface, were all discussed. The recording equip-
ment was then demonstrated on radio programs and recordings of the
voices of the various members present at the meeting.

BUFFALO -NIAGARA

The October 15 meeting of the Buffalo -Niagara Section was de-
voted to an inspection trip to the Buffalo Sewage Disposal plant under
the direction of H. C. Tittle, chairman. There were fifteen present.

CHICAGO

J. E. 30 meeting of the
Chicago Section which was held in Fred Harvey's Union Station Res-
taurant and attended by 125.

Eugen Mittleman, consultant, presented a paper on "Short -Wave
Therapy as a Technical Problem." Dr. Mittelman outlined many prob-
lems associated with the use and development of therapeutical short-
wave generators. Data were presented to indicate the various amounts
of power required to produced desired 'physiological effects in various
parts of the human body. It was pointed out that the patient's sensa-
tion to heat is extremely unreliable in controlling dosages and that
accurate means of indicating the amount of power absorbed by the
patient are essential. A practical method of making direct readings of
power absorption was described.

CINCINNATI

R. J. Rockwell, chairman, presided over the September and October
meetings of the Cincinnati Section which was held in the University of
Cincinnati.

At the September 20 meeting, which was attended by 35, Curtiss
Hammond of the Ken-Rad Tube and Lamp Corporation presented a
paper on "Mixer and Converter Considerations." He divided converter
tubes into four general groups. Capacitive coupling and electronic
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coupling were discussed and it was pointed out that in certain types of
tubes these tend to cancel each other. Mr. Hammond explained also
that types having a signal grid in the modulated electron stream tend
toward a negative input resistance at high frequencies whereas the
reverse is true when the signal grid is next to the cathode. Frequency
stability was considered as a function of plate, screen, and anode
voltages, and oscillator amplitude.

The October 18 meeting was attended by 70 and S. W. Seeley of the
RCA License Laboratory spoke on "Principles and Methods in Tele-
vision Laboratory Technique." The subject was covered extensively
and a few of the major points stressed were the frequency spectrum
necessary for picture and voice transmission, the use of a single oscil-
lator for the generation of separate intermediate frequencies for video -
and audio -frequency generators, the importance of time when syn-
chronizing, the usefulness of certain types of distortion, and the dangers
arising from the prevention of phase shift. The paper was concluded
with some demonstrations showing the results of too few lines, too low
a frame frequency, interlaced versus sequential scanning, and the
formation of ghost images caused by reflections of the signal.

DETROIT

On September 23, E. H. I. Lee, chairman, presided at a meeting of
the Detroit Section held in the Detroit News Conference Room. There
were 60 present.

A paper on "Close -Spacing Antenna Arrays" was presented by J. D.
Kraus of Ann Arbor, Mich. It was pointed out that by means of parallel
elements in spaces less than one -quarter wavelength apart, sub-
stantial gains could be obtained with arrays of relatively small di-
mension. A number of high -frequency directional systems using closely
spaced dephased elements and known as flat -top beams, were de-
scribed. Curves were presented showing the variation of antenna cur-
rent and radiation resistance of an array of two dephased elements for
different spacing between the elements. Gain-versus -spacing curves
were also shown and the effect of antenna loss resistance on gain was
illustrated. Curves giving vertical radiation characteristics of a hori-
zontal close -spaced array for various heights above ground as compared
to similar characteristics of a horizontal half-wave antenna, were
shown. The effect of tilting a horizontal two -element array was also
discussed. The talk was concluded with a discussion of practical con-
siderations in the design and construction of efficient close -spaced
high -frequency antennas and methods of feeding and adjusting them.
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EMPORIUM

On October 6 a meeting of the Emporium Section was held in the
American Legion Rooms. A. W. Keen, chairman, presided and there
were 48 present.

"Some Notes on the Design and Application of 1.4 -Volt Battery
Tubes" was presented by E. J. Hoffman of the engineering department
of the Hygrade Sylvania Corporation. The need for high efficiency in
battery -operated tubes was first discussed. The five types available
are: pent agrid converter, 1A7G ; diode -triode, 1H5G ; radio- or inter-
mediate -frequency amplifier, 1N5G ; 100-milliwatt output pentode,
1A5G ; and 200-milliwatt output pentode, 1C5G. Design problems
of these tubes were explained and they were compared with existing
2 -volt tubes. The development of a straight -through filament was of
particular interest as it becomes necessary to mount the filament as
the final rather than the initial step in construction. All types have a
nominal filament rating of 50 milliamperes at 1.4 volts except the
1C5G which requires 100 milliamperes. With the exception of the out-
put tubes, the others operate at zero grid bias. Bias for the output
tubes may be obtained from the plate -supply voltage.

INDIANAPOLIS

The following three meetings of the Indianapolis Section were held
at the Indianapolis Athletic Club.

V. C. McNabb, chairman, presided at the May 20 meeting which
was attended by twenty-four.

B. V. K. French of P. R. Mallory and Company, presented a paper
on "Radio -Photographic Analogies." It covered many similarities of
technique and effects in these two fields. The effects of filters and selec-
tive networks were illustrated. The similarity of the mosaic structure
of the television image and the screen of a color transparency was
shown by colored microphotographs.

The June 1 meeting was presided over by I. M. Slater, vice chair-
man, and there were 15 present.

D. I. Angus of the Esterline-Angus Instrument Company presented
a paper on "Telemetering." At the invitation of Mr. Angus, those pres-
ent proceeded to his factory in Speedway City where telemetering
equipment was demonstrated. The device operates by changing the
grid bias on a pair of type -45 tubes. The circuit is arranged to be inde-
pendent of line resistance and is well adapted to the distant metering
of all types of instruments whether they be mechanical, hydrostatic, or
electrical. The meeting was concluded with a general tour of the plant
in which recording instruments are manufactured.
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The September 23 meeting was attended by 28 and presided over by
B. V. K. French, secretary -treasurer.

G. E. Landt, technical director of the Continental Diamond Fibre
Company spoke on the "Behavior of Solid Dielectrics at High Frequen-
cies." Dr. Landt discussed the various characteristics of insulating ma-
terials of interest to the radio engineer. Electrical stability of power
factor, dielectric losses, and dielectric constant were discussed as func-
tions of temperature, humidity, and frequency. Comparative tabula-
tions of the characteristics of crystalline and amorphous materials were
discussed. Various insulation losses which were discussed include elec-
tron drift, atomic vibration, molecular movement, and heterogeneous
character theories. Recent refinements of measurement technique to
extend the measurements into the ultra -high -frequency region were
described. A new amorphous insulation material called "Dilectene" was
described which exhibits exceptional stabilized properties at ultra -high
frequencies.

Los ANGELES
On September 20 a meeting of the Los Angeles Section, which was

attended by 175, was held at the KNX transmitter building, in Tor-
rance, Calif. R. 0. Brooke, chairman, presided.

A paper on "The New High -Efficiency, 50 -Kilowatt KNX Trans-
mitter" was presented by J. L. Middlebrooks, liaison engineer of the
Columbia Broadcasting System.

The transmitter plant was opened for inspection prior to the presen-
tation of the paper. Also, motion pictures were shown of the construc-
tion of KSFO in San Francisco which was recently completed.

A detailed and comprehensive discussion of the points of interest in
the new transmitter was given. The RCA transmitter employs a high -
efficiency final amplifier, 3 -phase alternating-current filament tubes,
and air-cooled 5 -kilowatt tubes. The plant is built in an earthquake-
proof building and has its own well and water -storage plant, and a
gasoline -engine emergency generating system so that operation may be
maintained under abnormal conditions. The equipment in the studios
in Hollywood may be operated with gasoline-driven emergency power
supplies and together with a short-wave link between the studio and
transmitter permit the entire station to be independent of all public
utilities supplying it.

MONTREAL

One hundred fifty members and guests attended the October 12
meeting of the Montreal Section at the Engineering Institute of Can-
ada auditorium. Sidney Sillitoe, chairman, presided.
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S. T. Fisher, of the special products engineering department of the
Northern Electric Company, presented a paper on "The Electrical Pro-
duction of Musical Tones." The speaker described the various musical
scales which have been used since the time of the Greeks and outlined
the advantages and disadvantages of each. The present scale is not per-
fect but is a good compromise for use with instruments such as the
organ and the piano which are too difficult to retune every time the
performer wishes to change key, a procedure which is necessary for a
true harmonious scale.

A Northern -Hammond organ was used to demonstrate the syn-
thesis of conventional and special tones by combining sine waves in
varying amounts of fundamental, harmonics, and subharmonics. An
oscillograph was used in conjunction with the organ, the better to il-
lustrate the combination of tones. The paper was followed by a short
recital to illustrate the possibilities of the instrument.

PHILADELPHIA

On October 6 the Philadelphia Section met at the Engineers Club
with H. J. Schrader, chairman, presiding. There were 160 present.

"Recent Advances in Lateral Disk Recording for Direct Playback"
was the subject of a paper by H. J. Hasbrouck, Jr., of the RCA Manu-
facturing Company at Camden. It was pointed out that lateral, or
push-pull type of modulation gives low distortion. A frequency range of
from 50 to 10,000 cycles is covered with reasonable uniformity by the
recording head used. Recording is on metal disks coated with semiplas-
tie material in which a groove is cut by means of a sharp sapphire
stylus. The records may be played many times without noticeable im-
pairment of quality.

Analogies were given of mechanical functions of the recording head
compared with the electrical functions of a circuit transmitting voice
impulses.

A new lateral transcription pickup of light weight and great flexi-
bility, having a permanent diamond point, was described. The re-
sponse -frequency characteristic was practically flat from 50 to 9500
cycles. The radius of the diamond point is kept to the standard of
0.0023 inch. A compensating network is included to increase the out-
put volume approximately 5 decibels per octave as the frequency is re-
duced from 800 to 50 cycles. This reproducer illustrates a new depar-
ture in mounting a clamped -reed -type armature. Records of a tran-
script of a musical broadcast were played to illustrate its effectiveness.

E. W. Kellogg gave a demonstration of how words sound when the
phonograph record is played in the reverse direction. He had memo-
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rized sounds of a number of words played backward and spoke these
into a recording microphone. When reproduced in the reverse direction,
they were understandable.

SAN FRANCISCO

The September 21 meeting of the San Francisco Section was held in
the Pacific Telephone and Telegraph Company auditorium. Noel
Eldred, chairman, presided and there were 102 present.

"Recent Developments in Radio, Television, and Related Fields"
were discussed by F. E. Terman, head of the electrical engineering de-
partment of Stanford University.

Dr. Terman presented first a detailed account of current trends in
broadcast -receiver design. He pointed out that push-button tuning is
being included in more of the sets and that automatic frequency control
is not necessary when recently designed condensers, the characteristics
of which do not change with temperature, are used. The use of per-
meability tuning was discussed as were features of high-fidelity sets,
loud speakers, and vacuum tubes.

In discussing transmitters, he pointed out that high -efficiency am-
plifier systems are being used in many of the modern installations.
Research on new type antennas which are several miles in length and
have sharp vertical directional characteristics were discussed and
should give great improvement in transoceanic telephony. His paper
was concluded with a brief survey of the field of television which cov-
ered features of both the RCA and Farnsworth systems.

The October 11 meeting was held jointly with the local sections of
several of the major engineering societies and is known as the Annual
Joint Engineering Council Meeting. It was presided over by W. C.
Smith, chairman of the San Francisco Engineering Council.

A paper on "Sounds, Ears, Noises, and Acoustical Measurements
and their Relation to Machinery Quieting" was presented by E. J.
Abbott, president of the Physicists Research Company of Ann Arbor,
Michigan. Dr. Abbott opened his paper with a description of the char-
acteristics of the ear. It included sensitivity, minimum perceptible
amplitude and frequency differences, and loudness judgment. A dem-
onstration of these characteristics was presented. Loudness units and
scales and their application to noise measurement were then consid-
ered. The paper was concluded with a discussion of numerous problems
involved in the reduction of noise.

Noel Eldred presided at the October 18 meeting of the section which
was held in the Pacific Telephone and Telegraph Company auditorium
and attended by 51.
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A paper on "New Tube Developments" was presented by W. R.
Jones of the Hygrade Sylvania Corporation. He discussed first the
characteristics, applications, and design problems of the new high -
mutual -conductance tube, type 1231, designed for use in television
amplifiers. He also discussed the five new 1.4 -volt low -current -drain
tubes for use in battery -operated receivers.

SEATTLE

On October 7, the Seattle Section met at the University of Wash-
ington with A. R. Taylor, chairman presiding. There were 32 present.

At this meeting W. R. Jones of the Hygrade Sylvania Corporation
discussed a high -frequency tube of new design. It covered the type 1231
tube which may be used as a triode, tetrode, or pentode. A new physical
design limits flexible leads within the tube, thus reducing lead induct-
ance as well as microphonic tendencies. With a mutual conductance of
about 6000 micromhos, the tube is capable of considerable gain even
when operated into the low -resistance plate loads used in wide -band
amplifiers.

WASHINGTON

A meeting of the Washington Section was held on October 10 in
the Potomac Electric Power Company auditorium. E. H. Rietzke,
chairman, presided and there were 150 present.

Don Basim of the engineering department of the Bendix Radio Cor-
poration, presented a paper on "The Theory and Experience of Blind
Landing." The general problem was first discussed and various steps
taken in the development of a specific system were described. The
system is unique in that the plane makes contact with the ground in a
flying attitude and at a flying speed. Several hundred completely blind
landings have been made with this system in test transport planes. A
short motion picture of the apparatus in use during an actual blind
landing was projected.

Corrections

W. E. Benham has brought to the attention of the editors the
following corrections to his paper, "A Contribution to Tube and
Amplifier Theory," which appeared in the September, 1938, issue of
the PROCEEDINGS on pages 1093-1170.

Page 1118, line three of text should read "Fig. 5" instead of "Fig. 4."
Page 1134, equation (66), sign preceding as term should read - in-

stead of -I-.
Page 1142, line four of footnote, i should read
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Page 1143, line 2 of footnote, "devised" should read "derived."
Page 1146, equation (91a), sign preceding last term should be -I- in-

stead of -.
Page 1146, line ten of text "suggest" should read "explain"; line twelve,

insert "between i and i" after 30 degrees; line thirteen, the authors
of reference 57 explain that the title of Fig. 6 of their paper should
read "Comparison of I and /0," rather than "Analysis of the
assumed current I"; line thirteen, delete sentence "Similarly, . . .

shown"; line sixteen, delete word "however."
Page 1146, footnote should read "vol. 79, no. 477, p. 291" instead of

"vol. 79, p. 477".
Page 1149, equation (101), "Fig. 4" should read "Fig. 5."
Page 1159, line eleven, dr/wo should read dr/uo; following equation (b),

x = 2x should read x = 2X.
Page 1166, first paragraph of Appendix II, first line, reference 51

should read 52; second paragraph, units of A should be as given on
page 1162.

Page 1167, line twelve of text, 1r11 should read Ti,; line fourteen, ( )
should be I J.

Appendix III-table facing page 1168, last column, sections 11 and 12,
interchange Fig. 4 and Fig. 5.

Errata
Mr. H. S. Loh has brought to the attention to the editors the fol-

lowing corrections to his paper, which appeared on the April, 1938,
issue of the PROCEEDINGS on pages 469-474.

The title should read
"On Single and Coupled Circuits Having Constant Response Band

Characteristics."
On page 470, line 6, the equation should read

F=-.
.fo

Equation (6) should read

Equation (9) should read

nQ12

yo = 28071,1 - s2.

1

)(21= .`/3F
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TECHNICAL PAPERS

A SHORT-WAVE SINGLE -SIDE -BAND
RADIOTELEPHONE SYSTEM*

BY

A. A. OSWALD
(Bell Telephone Laboratories, Inc., New York, N. Y.)

Summary-There is described briefly a short-wave single -side -band system
which has been developed for transoceanic radiotelephone service. The system in-
volves the transmission of a reduced carrier or pilot frequency and is designed to
include the testing of twin -channel operation wherein a second channel is obtained
by utilizing the other side band.

The paper indicates the reasons which led to the selection of this particular
system and discusses at some length those matters which require agreement between
the transmitting and receiving stations when single -side -band transmission is em-
ployed.

r 1 HE FIRST transoceanic radiotelephone circuit employed the
single -side -band method of transmission as a technical necessity
to overcome transmission difficulties) -2.3.4,5 The short-wave sys-

tems which followed within a relatively short time were not confronted
with the same transmission problems and all started as double -side -
band systems. Advances in the art have made possible the practical
application of single -side -band to short-wave systems with the ac-
companying advantages6.7 and it now appears that this method of
transmission is likely to be adopted rather generally for long-distance
radiotelephone circuits.

The Bell System already has three transoceanic short-wave sys-
tems operating on a single -side -band basis and the Netherland P.T.T.

* Decimal classification: R410. Original manuscript received by the Insti-
tute, April 21, 1938. Presented before Thirteenth Annual Convention, New
York, N. Y., June 16,1938.

1 H. W. Nichols, "Transoceanic wireless telephony," Elec. Communications,
vol. 2, pp. 11-31; July, (1923).

I It. D. Arnold and Lloyd Espenschied, "Transatlantic radio telephony,"
Proc. A.I.E.E., vol. 42, pp. 815-826; August, (1923).

3 R. A. Heising "Production of single side -band for trans -Atlantic radio
telephony," Paoc. I.R.E., vol. 13 pp. 291-312; June, (1925).

4 A. A. Oswald and J. C. Schelleng "Power amplifiers in transatlantic radio
telephony," PROC. I.R.E., vol. 13, pp. 313-362; June, (1925).

5 O. B. Blackwell "Transatlantic telephony-the technical problem," Proc.
A.I.E.E., vol. 47, pp. 369-373; May, (1928).

6 R. K. Potter "Transmission characteristics of a short-wave telephone
circuit," PROC. I.R.E., vol. 18, pp. 581-648; April, (1930).

7 A. H. Reeves, "The single -side -band system applied to short-wave tele-
phone links," Jour. I.E.E. (London), vol. 73, pp. 245-279; September, (1933).
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have circuits in operation between Holland and Java.° Others are plan-
ning to employ single -side -band transmission for new circuits.

It is the purpose of this paper to describe briefly the system and
equipment which has been developed for Bell System services, to state
and discuss the considerations which led to the adoption of this ar-
rangement, and to indicate the technical matters requiring agreement
between the connecting agencies in respect to several technical require-
ments which need not be considered when establishing double -side -
band circuits.

Since single -side -band transmission offers the possibility of twin-
channel operation, wherein a second channel is obtained by utilizing
the other side band, this feature is included in the description and
discussion although it has not thus far been used in commercial service
in this country. Relatively little additional equipment is needed for
the second channel but the increased selectivity requirements mate-
rially affect the circuit design. The necessary apparatus has been pro-
vided for an experimental trial of twin operation under service con-
ditions and these tests are now in progress.

In the interests of simplification and clarity, certain terms, such as
"carrier," "conversion frequency," etc., are used throughout this paper
in accordance with the definitions contained in Appendix I.

DESCRIPTION
General

In this system a single side band with a reduced carrier is derived,
amplified, and transmitted. At the receiver the reduced carrier is
separated from the side band by a suitable filter, after which it is
amplified independently and then used directly for demodulation
purposes or to control local -oscillator frequencies to be used in demo-
dulation. The carrier is also used to control the receiver gain (auto-
matic volume control).

Transmitter System
The arrangement of the single -side -band radiotelephone transmitter

used in this system is shown in Fig. 1. The arrangement shown is com-
plete for twin -channel operation. Channel A is the upper side band
from the first step of modulation. Channel B is the lower side band.
Three steps of modulation are employed to reach the final frequency,
which may be any frequency between 4000 kilocycles and approxi-
mately 22,000 kilocycles. The conversion frequency, which in this

 N. Koomans, "Single -side -band telephony applied to the radio link be-
tween The Netherlands and The Netherlands East Indies," PROC. I.R.E., vol.26, pp. 182-206: February, (1938).
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case is the carrier frequency, for the first modulation step is 125 kilo-
cycles. This frequency is derived from a multivibrator held in sub -
harmonic relation by a 625 -kilocycle quartz -crystal oscillator. The
first modulators are in duplicate, one for each channel. They are
balanced modulators and a high degree of balance is maintained to
suppress the conversion frequency in the output. Filters employing
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Fig. 1-Block schematic of single -side -band transmitter.

quartz crystals for some of the elements follow each first modulator.
The filter in channel A selects the upper side band lying between 125.1
and 131 kilocycles. The filter in channel B selects the lower side band
lying between 119 and 124.9 kilocycles. When only a single channel is
wanted the B modulator and filter are omitted.

The amplitude of the radiated carrier is controlled by adjustment
of the gain of the carrier -resupply amplifier which receives its input
from the 125 -kilocycle source. The signal outputs of the channel
filters and the 125 -kilocycle carrier are combined and applied to the
second modulator. This is also a balanced modulator and a conversion
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frequency of 2500 kilocycles is employed. A harmonic generator driven
by the 625 -kilocycle oscillator supplies this frequency. The filter fol-
lowing this modulator selects the resultant upper side band, passing
the band from 2619 to 2631 kilocycles. The suppression of the low-
er side band is at least 60 decibels.

The third modulator is not balanced. The frequency of the wanted
side -band output from this modulator is sufficiently far removed from
the conversion frequency so that the selectivity of ordinary amplifier
circuits is sufficient to suppress the conversion frequency and the un-
wanted side -band products without a special filter. This is an important
feature because the circuits between the input of the transmitter and
the third modulator remain fixed and are independent of the final
radiated frequencies whereas the output circuits of the third modulator
and all subsequent circuits require tuning when the radiated frequency
is changed. The conversion frequency supplied to the third modulator
depends on the final frequency desired. For a radiated carrier frequency
f, which is 10,000 kilocycles or above, the conversion frequency is
f -2625 kilocycles. If f is less than 10,000 kilocycles the conversion
frequency is 1+2625 kilocycles. This conversion frequency is supplied
by a harmonic generator driven by a quartz -crystal oscillator. Low -
temperature -coefficient crystals are used without temperature control.

Following the third step of modulation a series of amplifiers in
cascade raise the level of the signal to the power required. In this trans-
mitting system the final side -band frequency is derived at low power.
The vacuum tubes employed in the system up to and including the
first final -frequency amplifier are all conventional receiver -type tubes.

A monitor is provided in the transmitter by means of which dis-
tortion products in the transmitter output can be measured. A small
amount of the transmitter output is combined in a demodulator with
the third transmitter conversion frequency so as to produce a side
band between 2625 and 2631 kilocycles in the case of channel A and
between 2619 and 2625 kilocycles in the case of channel B. The 2500 -
and 125 -kilocycle conversion frequencies are combined in a separate
modulator and the sum is used in a balanced second demodulator to
demodulate the 2625 -kilocycle side band to reproduce the input fre-
quencies. There are no channel filters provided in the monitor and con-
sequently there is no means of separating the channels should they
both be active.

Transmitting Apparatus

As used in the Bell System, the equipment comprises a low -power
unit capable of delivering a peak envelope power of 2 kilowatts and a
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separate power amplifier for higher -power outputs. The San Francisco -
Honolulu circuit employs the low -power unit working directly into
the antenna. The New York -London systems use the same unit to
drive the power amplifiers formerly used for double -side -band trans-
mission.

Fig. 2-Front view of transmitter.

Figs. 2 and 3 are photographs of this low -power unit which is similar
to that used in earlier experimental work.9 The apparatus is assembled
on 19 -inch relay -rack panels mounted in two welded steel cabinets.
One cabinet is a single relay rack in width and the other is arranged to
accommodate two bays. The smaller unit (left in Fig. 3) houses the

' F. A. Polkinghorn and N. F. Schlaack, "A single -side -band short-wave
system for transatlantic telephony," Paoc. I.R.E., vol. 23, pp. 701-718; July,
(1935).
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modulators, oscillators, and other low -frequency equipment preceding
the third modulator. The latter and the high -frequency amplifier are
mounted on the center bay. The third bay (right Fig. 3) contains the
rectifiers and other power units. The entire unit operates from 230 -
volt, 3 -phase, 50- or 60 -cycle power. The high -frequency equipment

Fig. 3-Back view of transmitter.

is arranged in such a way that interchangeable pretuned circuits and
crystals are available by means of selector switches for four frequencies
in the lower -powered stages. Continuously variable inductances are
used for tuning the higher -power stages. The apparatus may be ad-
justed to any one of four predetermined frequencies without opening
the doors. The pretuned circuits and crystals may be removed and
others inserted, without disturbing the adjustments of the units thus
readily permitting the use of additional frequencies when desired.
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Receiving System

The block arrangement of the receiver is shown in Fig. 4. This
diagram shows the equipment for twin -channel reception. For single-
channel operation the B -channel equipment is omitted.

Fig. 5-Front view of receiver.

The receiver is designed to operate at any frequency in the range
from 4000 to 22,000 kilocycles. This range is covered by two separate
high -frequency amplifiers and first demodulators. In order to attain
a high degree of circuit stability, two separate sets of high -frequency
equipment are used rather than the more conventional method of
changing coils. The received -carrier frequency is translated to 2900

A

1
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kilocycles in the first demodulators. Following the first demodulator
are filters which discriminate against frequencies which would cause
interference in the 100 -kilocycle second -intermediate -frequency cir-
cuits. The relatively low frequency of 100 kilocycles is used for the
second intermediate frequency in order to obtain the sharp cutoff
characteristics required of carrier and channel filters. A 3000 -kilocycle

Fig. 6-Front view of receiver with mats removed.

quartz -crystal beating oscillator is used at the second demodulator
to translate the 2900 -kilocycle carrier to the 100 -kilocycle.

Following the second demodulator the circuit is branched to (1)
a carrier -reconditioning and automatic -gain -control circuit, (2) the
channel -A amplifier and filter circuits, and (3) the channel -B circuits
when required. The carrier -amplifier circuit supplies reconditioned
carrier at constant volume for demodulating the signal at the third
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demodulators. It also supplies voltages to the gain -control rectifier
and to the automatic -frequency -control circuits. Quartz crystals are
employed in the carrier filter and for some of the elements of the chan-
nel filters. These filters furnish high attenuation to frequencies outside
of their respective pass bands, and have extremely sharp cutoff char-

Fig. 7-Back view of receiver with dust covers removed.

acteristics. The band widths are 40 cycles for the carrier filter and 5900
cycles for the channel filters.

In order to maintain the signal in the proper relation to the crystal
filters, a system of automatic frequency control of the first beating
oscillator is employed. The frequency of the first beating oscillator is
adjusted by a control motor in such a manner that the frequency of
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the reconditioned carrier is maintained in synchronous relation with
that of a high -precision 100 -kilocycle quartz reference oscillator. This
reference oscillator may also be used to furnish a local carrier for the
final demodulation as an alternative to the normal reconditioned
carrier.

Receiving Apparatus
The equipment is assembled on 19 -inch relay -rack panels arranged

in three cabinets. Figs. 5, 6, and 7 are views of this apparatus. Referring
to Figs. 5 or 6, and reading from top to bottom, the panels on the left-
hand cabinet are (1) the high -frequency amplifiers and first detectors,
(2) the first beating oscillator, (3) the first intermediate -frequency
filter, amplifier, and second detector, (4) the automatic -tuning -control
amplifiers and modulators, (5) a blank filler mat, and (6) a terminal
panel for intercabinet cabling.

The panels on the center cabinet are (1) a blank filler mat, (2) the
channel filter, (3) meters for the measurement of carrier rectifier cur-
rent, additional vacuum -tube plate and screen currents, and voice -
frequency output volume, (4) space for a second -channel filter, (5) the
monitoring panel, (6) the channel amplifier and third detector, (7)
space for a second -channel amplifier and third detector, (8) the 100 -
kilocycle reference oscillator, and (9) a terminal panel. The panels on
the right-hand cabinet are (1) the second beating oscillator, (2), (3),
(4), and (5) 130 -volt regulated rectifiers, (6) and (7) 400 -volt regu-
lated rectifiers, (8) the carrier amplifier and automatic -volume -control
rectifier, (9) the carrier filter, (10) the main power and fuse panel, and
(11) a terminal panel. A screw -driver adjustment and a voltmeter on
each rectifier provides a means for setting each rectifier voltage to the
proper value. Switches on the power panel permit the receiver to be
shut down completely for extended periods or partially shut down dur-
ing stand-by periods. In the latter case, all power is turned off except
that required to maintain the oscillators at operating temperatures.

DISCUSSION
General

There are several methods of generating a single -side -band signal.
The following discussion, however, is limited to methods involving
simple modulators and filters.

Choice of Intermediate Frequencies in Transmitters and Receivers
The generation of a single -side -band signal by means of simple

modulators and filters require that the selection of the side band be
accomplished at frequencies where suitable filters can be obtained. If
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the radiated frequencies, however, are to be within the range from 4000
to 22,000 kilocycles it is necessary to select the side band, and then
translate it by additional steps of modulation to whatever frequency
position is desired. If the first step of modulation is accomplished at as
high a frequency as possible, it reduces the number of additional modu-
lation steps required to reach a given maximum frequency. It is possi-
ble to obtain suitable filters for selecting a single side band at frequen-
cies higher than 125 kilocycles but this appeared to be an economical
choice at the time the transmitter was designed. By using first -inter-
mediate -frequency filters near 125 kilocycles, it is possible to translate
the side band to frequencies as high as 22,000 kilocycles by utilizing
only two additional steps of modulation.

The choice of the second intermediate frequency must represent
a compromise. Assuming that it is equally easy to obtain the same per-
centage selectivity regardless of the absolute frequency, the second
intermediate frequency should be the geometric mean between the
first intermediate frequency and the highest radiated frequency. On
the other hand, it is desirable to facilitate changes in the radiated
frequency by using simple circuits where frequency changes have to
be made. Simple high -frequency circuits are not very selective. A some-
what higher frequency than the geometric mean is therefore desirable
for the second intermediate frequency.

In the case of a receiver for single -channel reception the necessary
selectivity usually can be obtained by double demodulation, using an
intermediate frequency of the order of 400 kilocycles. For systems
requiring more selectivity in order to separate channels lying near
each other, such as occurs in the twin single -side -band system, triple
demodulation is desirable. When triple demodulation is adopted, the
remarks concerning choice of frequencies previously made in connec-
tion with the transmitter apply equally to the receiver.

A first intermediate frequency of 125 kilocycles and a second inter-
mediate frequency of 2625 kilocycles were chosen in the design of the
single -side -band transmitting equipment. In the receiver, which was
designed at a later date, the corresponding frequencies are 100 and
2900 kilocycles. It is not essential, of course, that these same frequen-
cies be used by other connecting radio equipment.

Relation Between Channels and Side Bands

In any single -side -band transmitter where all equipment preceding
the last stage of modulation remains fixed regardless of the radiated
frequency, the side band and carrier at the input to the final modulator
will always appear in the same frequency position. If the conversion
frequency for the final step of modulation is placed above the desired
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radiated frequency the relative position of side band and carrier will
be inverted, but if the conversion frequency is placed below the desired
radiated frequency the position will not be changed. In a receiver
wherein the second and third demodulators operate at fixed frequencies
a similar situation arises if the position of the first -beating -oscillator
frequency is changed from a higher frequency to a lower frequency
than the received signal.

For radiated frequencies less than twice the intermediate frequency,
harmonics of the first beating oscillator are apt to be troublesome if
the beating oscillator is below the radiated frequency rather than
above it. The same is true in the transmitter. Therefore, it is desirable
when working at frequencies less than twice the highest intermediate
frequency to use a conversion frequency higher than the radiated
frequency.

On the other hand at the higher radiated frequencies it is desirable
to use a final conversion frequency less than the radiated frequency.
This yields higher frequency stability and a decreased range of oscil-
lator tuning. Interchanging the relative frequency position of the con-
version and radiated frequencies at some point in the frequency range
reduces the total frequency range which must be covered by the con-
version -frequency supply by twice the intermediate frequency. The
same remarks apply to the receiver. For example, for a range of radi-
ated frequencies from 4000 to 22,000 kilocycles with a first intermediate
frequency of 3000 kilocycles the beating -oscillator range need only
be from 7000 to 19,000 kilocycles instead of 7000 to 25,000 kilocycles.
As mentioned previously, this change in relative position of the con-
version frequency results in an inversion of the radiated carrier and
side -band position. This presents no difficulty if the change is made at
the same frequency at the transmitter and receiver. This procedure,
of course, requires that an agreement be reached between the connect-
ing agencies in regard to the radiated frequency at which the change
in the relative position of final carrier and side band is to be made. In
the apparatus described, this change can be made anywhere within
the range from 10,000 to 15,000 kilocycles but 10,000 is preferred.

In single -channel operation with the present transmitters and re-
ceivers, it is planned that for all radiated frequencies less than 10,000
kilocycles the carrier will be placed above the side band. In a twin-
channel system the above applies to the A channel and the B channel
will occupy the opposite position.

Frequency Stability

For proper operation of a short-wave single -side -band system, the
gain of the receiver must be adjusted to allow for variations in signal
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intensity and the frequency of the carrier used for demodulation must
be in nearly correct relation to the side band.

Satisfactory intelligibility on a totally suppressed carrier single -
side -band radiotelephone circuit without privacy devices will be ob-
tained if the demodulated speech frequencies at the output of the re-
ceiving terminal are within about 20 cycles of the original frequencies
at the input to the transmitting terminal. When band -splitting privacy
systems are used, this tolerance must be reduced to about 5 cycles. If
the transmitting -system and receiving -system frequencies are inde-
pendent, the use of the band -splitting privacy leads to the requirement
that the sum of the deviations in frequency from the assigned values
of all the oscillators in the transmitting or in the receiving system can-
not exceed ± 2.5 cycles.

The requirements upon Absolute stability may be relaxed if a re-
duced carrier or a pilot frequency is transmitted with the side band. At
the receiver the carrier is separated from the side band, amplified, and
then used either to demodulate the signal or to control the demodula-
tion frequency. This compensates for the deviations of all the oscilla-
tors between the point in the transmitting system where the reduced
carrier is introduced and the point in the receiving system where the
demodulation controlled by the carrier is accomplished. The deviations
of any oscillators used for modulation or demodulation before or after
these points remain uncompensated.

When a reduced carrier is radiated it may be separated from the
side band at the receiver, amplified, and then used in demodulating
the side band. Under these conditions the frequency stability of the
carrier need be only sufficient to insure that the carrier remains within
the band of the filter provided at the receiver to separate it from the
side band and from interfering signals and noise. If the frequency of
the first or second beating oscillator in the receiver is controlled by
the carrier (automatic frequency control), a further reduction in the
stability requirements is permissible, it being necessary only that the
total frequency deviations be within the capability of the control
mechanism. (It should be noted that when some frequency other than
the carrier is used as a pilot for control purposes, the frequency -control
system is apt to be more complicated.) When automatic frequency
control is employed, attention must be given to the rate of change of
frequency as well as to the deviation.

To establish a limit for the frequency stability of the receiver it
should be observed that the automatic frequency control in the receiver
must cover a range equal to the sum of the transmitter and receiver
deviations. The maximum rate at which the sum of the transmitter
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and receiver frequencies can vary without loss of control is fixed by
the constants of the automatic -frequency -control system and by the
width of the filter in the carrier branch of the receiver. The present
receivers are designed to accommodate transmitter -frequency varia-
tions of 1 part in 104 with the maximum rate of change less than 5
cycles per second per second. Higher stability is, of course, very de-
sirable and usually is justifiable for other reasons.

Carrier Reduction

As has already been shown, one result of radiating a reduced carrier
is to alleviate the frequency -stability requirements. In more compli-
cated receiving systems such as those employing sharp angular direc-
tivity and angular diversity," the transmission of the carrier is
essential for other important functions quite apart from frequency -
stability problems. Another reason for radiating the reduced carrier
is that it may be used for automatic -gain -control purposes. In a twin -
channel system the carrier is preferred over any other single frequency
for automatic gain control because it lies between the two channels.

When the carrier is used for automatic -gain -control purposes at
the receiver, the amplitude of the radiated carrier should bear a definite
relation to the peak side -band amplitude. Furthermore, the variations
in the relation with time should be within reasonable limits, in order
that the over-all loss of the circuit for the side band may be maintained
as near as possible at the same average value by the automatic gain
control of the receiver. It is convenient to express the amplitude of the
radiated carrier in reference to the amplitude of the side band produced
by one of two equal test tones which, when applied simultaneously,
load the transmitter to its rated envelope peak output. (The rated
envelope peak output is determined by the distortion requirement.)
One reason for choosing the amplitude of either of two equal tones as
a reference is that two equal tones are used in making distortion meas-
urements. Another reason is that this reference amplitude is approxi-
mately equal to the amplitude of the carrier in double -side -band and
carrier transmission when using the same transmitting amplifier and
thereby provides a convenient correlation between the two systems.
A carrier reduction of at least 10 decibels below reference is required
to avoid unnecessary loading of the transmitter. It is desirable to
reduce the carrier further in order to minimize unwanted modulation
products which will result in cross talk in the twin system.

The maximum amount of carrier reduction is determined by the

10 H. T. Friis and C. B. Feldman, "A multiple unit steerable antenna for
short-wave reception," PROC. I.R.E., vol. 25, pp. 841-917; July, (1937).
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ability of the receiver to select the carrier and discriminate against
noise and interference. Our experience indicates that the maximum
practicable carrier reduction is likely to be about 25 decibels when
using a carrier filter having a band width of approximately 40 cycles.
For the present in single -channel systems it seems desirable to trans-
mit the carrier at - 10 decibels from reference amplitude. In twin-
channel systems it is planned to radiate the carrier at -20 decibels.
It is desirable, therefore, that means should be provided in the trans-
mitter for varying the carrier amplitude at least between -10 and
-25 decibels and there should be corresponding reciprocal arrange-
ments provided in the receiver.

In order to obtain a constant -carrier amplitude in the radio trans-
mitter which is independent of the balance in the first modulators, the
first conversion frequency is substantially eliminated and the desired
amount of carrier is introduced through an adjustable -gain amplifier.
In this manner the carrier amplitude is conveniently adjustable from
0 to - 25 decibels. At present it appears reasonable to require that the
carrier amplitude at this point be held constant within 1 decibel.

The constancy of carrier amplitude observed at the receiver de-
pends upon three things; first, the constancy of amplitude at the point
in the transmitter where the reduced -carrier amplitude is established;
second, compression in the amplifier stages through which both the
carrier and side band pass; and third, fading due to irregularities of
the transmission path. The amount of compression that can be toler-
ated is not known but certain tone tests have been made which give an
indication of the conditions which permit single -channel and twin-
channel operation. It has been found that for single -channel service a
compression of approximately 3 decibels in the carrier is permissible
between the condition of no input and when two tones at reference
amplitude are impressed on the transmitter. It is clear that if this
condition exists for single -channel operation that there will be momen-
tary compressions of larger value whenever large speech peaks occur
simultaneously on the two channels in a twin system. In respect to
variations due to the transmission path it is clear that selective fades
may cause the received carrier to disappear substantially at times. It
is essential from these considerations that the automatic gain control
on the carrier amplifier should be separate from that which controls the
side -band amplifiers and should operate as fast as possible. Such ar-
rangements are provided in the present receivers.

Carrier -Filter Selectivity

Reception in a single -side -band reduced -carrier system, wherein
the reduced carrier is reconditioned or is used to indicate the correct
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frequency for demodulation, requires a high degree of selectivity in the
carrier filter and imposes definite restrictions on the single frequencies
and amplitudes that may be radiated adjacent to the carrier. This
latter detail requires special attention at the transmitter in order that
the receiver may function properly, and, therefore, requires agreement
between correspondents. The carrier filter in the receiver must pass
the carrier and discriminate against frequencies in the side band. Any
frequencies which fall within the transmission band of the carrier
filter must be attenuated to an amplitude which is negligibly small
compared to the received -carrier amplitude either by an audio -fre-
quency filter preceding the transmitter or by the filter which selects
the single side band in the transmitter, or both.

The band width of the carrier filter must represent a compromise.
The wider the transmission band of the filter, the easier it is to keep
the carrier in the band. Widening the band increases the vulnerability
of the received carrier to noise and interference and tends to limit the
amount the carrier may be reduced at the transmitter. Considering
these opposing tendencies and judging from our experience with such
systems, it appears that a band width of 40 cycles represents a practical
compromise.

present radio receivers are equipped with carrier filters having
a mid -band frequency of 100 kilocycles and a band width of 40 cycles.
The discrimination to frequencies outside the band is given below:

Frequency Departure
from Mid -Band in Discrimination

Cycles
± 25 10 db
+ 100 60 db

Channel -Filter Selectivity
For single -channel single -side -band operation the discrimination

outside the pass -band of the filter, which selects the single side band
in the transmitter, must be sufficient to reduce the unwanted side
band until substantially no load caused by this side band is imposed
on the amplifier stages. From this standpoint a discrimination against
the unwanted side band of about 20 decibels or more is satisfactory.
More than this is required to reduce interference if the adjacent fre-
quency space is to be used for other purposes. For twin -channel opera-
tion, frequencies in the unwanted side band of one channel falling in
the band occupied by the other channel should be discriminated
against by at least 50 decibels.

One of the filters which selects the desired side band in the radio
transmitter, which is designed for twin -channel service, has a pass-
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band from 125.1 to 131 kilocycles (Fig. 8). It is uniform within ±4
decibel except at the extremes where there is an increased loss of 2
decibels. It presents 20 -decibel discrimination at 124.9 kilocycles and
at least 50 -decibel discrimination from 119 to 124.8 kilocycles. No
particular requirements are imposed on this filter above 131 kilocycles.
The other filter has a pass band from 119 to 124.9 kilocycles. It is
uniform within ±4 decibel except at the extremes where there is
an increased loss of 2 decibels. It offers 20 -decibel discrimination at
125.1 kilocycles and at least 50 -decibel discrimination from 125.2 to
131 kilocycles. No particular requirements are imposed below 119
kilocycles.
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Fig. 8-Transmitting-channel filters.

In the receiver, the channel filters provide the major part of the
selectivity. It is not likely that interfering signals adjacent to the de-
sired signal will exceed the desired signal by more than 40 decibels
except for a small fraction of time, so that protection against such in-
terference amplitudes will practically eliminate interference from such
signals. If interfering signals are discriminated against by the channel
filters so that they are 50 decibels below the desired signal, the desired
signal will be degraded to a negligible degree by their presence. These
final filters should afford, therefore, at least 90 -decibel attenuation
to all frequencies outside the band which might cause interference.

One of the channel filters in the radio receiver has a pass band
from 94 to 99.9 kilocycles (Fig. 9). It is uniform within ±4 decibel
except at the extremes where there is an increased loss of 2 decibels.
It presents 10 -decibel discrimination to a frequency of 100.1 kilocycles
and at least 90 -decibel discrimination to frequencies at or below 93
kilocycles and at or higher than 101 kilocycles. The other filter has a
pass band from 100.1 to 106 kilocycles. It is uniform within -1-4

decibel except at the extremes where there is an increased loss of 2
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decibels. It presents 10 -decibel discrimination to 99.9 kilocycles and
at least 90 -decibel discrimination to frequencies at or below 99 kilo-
cycles and at or higher than 107 kilocycles.

Noise
The effect of noise voltages such as power -supply ripple in a radio -

transmitter amplifier is to modulate any frequency passing through
the amplifier with these voltages. In the case of a conventional double -
side -band -and -carrier transmitter the products which cause concern
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112 L.

are the resultant double -side -band products of the noise and the
carrier.

Likewise in a single -side -band transmitter the noise modulates the
reduced carrier and also the side band caused by the signal. In this
case, as the carrier is transmitted at a reduced amplitude, both the
products with the carrier and the products with the side band must be
considered. The products with the carrier are in the form of a double
side band on the carrier and are present in the output in the absence of
a signal input.

The transmitter signal-to-noise ratio cannot be measured accurately
in a monitor in which there is no channel selectivity unless the carrier
supplied to the monitor is in phase with the transmitted carrier. How-
ever, a satisfactory measurement can be made indirectly by measuring
the double -side -band noise modulation with a simple linear rectifier
connected to the output of the transmitter. The rectified output con-



1450 Oswald: Radiotelephone System

sists of a direct current caused by the carrier with an alternating com-
ponent superimposed. The alternating component in the rectifier out-
put is measured with no input to the transmitter. An input tone is
then applied to the transmitter which produces a side -band signal
whose amplitude is less than the carrier and less than the maximum
side -band amplitude by a known amount. The rectifier output caused
by the tone is then measured. The signal-to-noise ratio determined
by these measurements is then less than the maximum signal-to-noise
ratio by the amount the signal was reduced from the maximum signal
output. That is to say, the sum of the signal-to-noise ratio measured in
decibels, plus the amount the signal input was reduced, less the com-
pression in the transmitter, is the maximum signal-to-noise ratio when
using the carrier level at which the measurement was made. Since this
result is based on a double -side -band measurement, the result at the
output of the receiving system will be 6 decibels better if the receiving -
channel filter completely suppresses one side band.

With our present experience it appears that the maximum signal-
to-noise ratio in the transmitter when measured in the above manner
should be at least 45 decibels and preferably 50 decibels.

The modulation of a signal which will occur as a result of noise in
the transmitter and appears as distortion can be determined in a simi-
lar manner. For convenience, the carrier is substituted for the signal
and measurements of the noise modulation made at various amplitudes.
An input tone less than the carrier and a known amount less than refer-
ence amplitude is impressed on the transmitter and the output of the
rectifier measured. The ratio of the rectifier tone output to the noise
output at each carrier amplitude is determined. The double -side -band
noise modulation of the signal at equivalent amplitudes is the sum of
this ratio in decibels, plus the amount the tone was reduced from refer-
ence amplitude, plus 6 decibels. It is necessary to add 6 decibels be-
cause the reference -carrier amplitude is 6 decibels below maximum
side -band amplitude. The lower permissible limit of this ratio has not
been determined but it has been observed that no serious distortion
effects result from this cause if the signal-to-noise ratio measured on
a carrier at -10 decibels amplitude is 45 decibels.

In the case of the receiver the noise introduced by the receiver
itself theoretically should be limited to thermal noise originating in the
input circuit. In the present receivers this theoretical condition is
approached within a few decibels for weak -signal inputs. The maximum
signal -to -set -noise ratio is limited to approximately 60 decibels in order
that signal voltages may be kept below values which would result in
cross modulation.
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Intermodulation and Twin -Channel Operation
In order that quality and distortion may be observed or measured

at the transmitter, as is the usual practice, it is necessary to have a
monitor. In such a monitor a portion of the side-band output of the
transmitter is combined with the conversion frequencies to demodulate
the signal.

The use of a single frequency for testing does not yield significant
results in a single -side -band reduced -carrier system. However, two
frequencies may be used to secure significant results. Two frequencies
of equal amplitude are used for testing, each frequency being half the
peak side -band amplitude. When the amplitude of the largest distor-
tion product of these two frequencies is at least 25 decibels below either
of them the distortion is low enough so that satisfactory operation of

a band -splitting privacy system can be obtained. Twice the maximum
root -mean -square power output at which this requirement can be
met consistently is called the rated envelope peak output. This require-
ment must be met also for all smaller amplitudes of the fundamentals.

It has been found that without reducing the amplitude of either
twin channel with respect to a single channel, severe cross talk can
be avoided by maintaining a separation between the adjacent side -
band boundaries equal to the width of one of the side bands, that is,
equal to one band width. The third -order products resulting from any
two frequencies, p and q, in any one side band, fall in a band extend-
ing one band width on each side of that side band from which they
originate. Consequently when there is one band width of separation
between the side bands these products do not fall into the other side
band and produce cross talk. Fifth -order products, which extend for
two band widths on each side of the side band in which they originate,
will fall in the other side band and must be considered as a source of

cross talk. Also the third -order products involving the carrier will
result in cross talk. The amplitude of the carrier is, therefore, of great
importance in determining the cross talk which will be encountered in
twin -channel operation.

The separation between the side bands may be accomplished by
one of several methods. A flexible method is the introduction
in either or both transmitter input channels of a device to translate
the speech band to a higher frequency. A corresponding device is in-
troduced in the associated receiver output channel to restore the
speech band to its original position. The band width of the channel
filters (100 to 6000 cycles) in the present transmitters and receivers
allows a 250- to 3000 -cycle telephone band to be shifted to a band from
3250 to 6000 cycles. This shift may be used in either or in both chan-
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nels, or intermediate shifts can be used so long as a band -width space
between the resulting side bands is maintained.

Advantages of a Wide -Band Twin -Channel System
The principal advantages of this twin -channel system, with wide -

band filters, are its simplicity and flexibility. The use of a common
carrier simplifies the modulation and demodulation problems and re-
duces the amount of equipment required. Symmetrical filters having
band widths considerably greater than the band to be transmitted
permit variations in the side -band arrangement and may afford a
means of reducing interference. Insofar as the radio apparatus is con-
cerned, when wide -band filters are provided in the radio equipment,
either one of the channels may be used for the transmission of pro-
grams.

APPENDIX I

Definitions
Carrier

The carrier at any point in the system is that frequency which,
when combined in a modulator with the signal at that point, will
reproduce the original signal frequencies which were applied at the
input of the transmitter.

Radiated Carrier
The term radiated carrier is used in this paper to refer to the carrier

frequency which is radiated.

Conversion Frequency
The conversion frequency is the frequency supplied to a modulator

for the purpose of converting or translating the signal input to a
frequency which is a sum or difference of the input frequency and the
conversion frequency. The term "beating -oscillator frequency," when
referring to the receiver, has a similar meaning.

Reference Amplitude
This is the amplitude of one of two frequencies of equal amplitude

which, when transmitted simultaneously, load a single -side -band trans-
mitter to its rated envelope peak output. It is approximately equal to
the amplitude of the carrier in double -side -band -and -carrier transmis-
sion when using the same transmitting amplifier and therefore provides
a convenient correlation between the two systems in addition to estab-
lishing the necessary base from which relative amplitudes may be
designated.
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Reference Carrier
This is a carrier at reference amplitude.

Reconditioned Carrier
Reconditioned carrier is the received carrier which has been sepa-

rated from the side band, amplified, and otherwise treated so as to
make it suitable for subsequent uses in the receiver.

Envelope Peak Output
The envelope peak output of a transmitter is the root -mean -square

power during the maximum radio -frequency cycle which occurs in the
transmitter. When making two-tone tests this occurs during the coin-
cidence of the peaks of the two test tones.

Compression
Compression is the reduction in the gain of an amplifier due to

the presence of a signal of large amplitude.

APPENDIX II

Approximate Design Requirements of the Present System

Relation Between Channels and Side Bands
It is planned that the lower side band shall be radiated for carrier

frequencies less than 10,000 kilocycles and the upper side band shall
be radiated at 10,000 kilocycles and above this frequency. In a twin -
channel system the above applies to the A channel and the B channel
will occupy the opposite position.

Frequency Stability
The receiver is designed to accommodate a transmitter frequency

variation of 1 part in 104 with a maximum rate of change of frequency
not exceeding 5 cycles per second per second.

Reduced -Carrier Amplitude and Constancy of Amplitude
At present the reduced -carrier amplitude for single -channel systems

is -10 decibels from reference carrier. For twin -channel systems it
is planned to use a reduced -carrier amplitude of -20 decibels from
reference carrier. The average amplitude is maintained within 1

decibel.

Audio -Frequency Band Width
The audio -frequency transmission band of the over-all radio sys-

tem is from 100 to 6000 cycles. It is uniform within ± 1 decibel except
at the extremes where there is an increased loss of 4 decibels. This
allows transmission of the following:
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(1) One 250- to 3000 -cycle speech band.
(2) The same as in (1) but shifted to any frequency position

within the filter.
(3) One broad -band channel from 100 to 6000 cycles.

The actual transmission is determined, of course, by the audio -fre-
quency control -terminal conditions.

Apparatus Noise
The signal-to-noise ratio in the transmitter when measured as

described should be at least 45 and preferably 50 decibels.
The noise originating in the receiver should be produced mainly

in the input circuit except at very high field strengths.

Cross Modulation

Any distortion product produced in the transmitter should be at
least 25 decibels down from either of two frequencies, equal in ampli-
tude, which load the transmitter to rated envelope peak output.

At present it appears that for twin -channel operation with adja-
cent side -band edges 3000 cycles apart, the cross modulation produced
by one side band, 3000 cycles wide, in the other side band, 3000 cycles
wide, should be 35 to 40 decibels down.

+.--.011110-1111-010.--+
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A SINGLE -SIDE -BAND RECEIVER FOR SHORT-WAVE
TELEPHONE SERVICE*

BY

A. A. ROETKEN
(Bell Telephone Laboratories, Inc., New York, N. Y.)

Summary-A new radiotelephone receiver has been developed for the reception
of reduced -carrier single -side -band signals in the frequency range from 4 to 22 mega-
cycles. This receiver employs triple detection in which the first beating oscillator is
continuously variable and the second is fixed in frequency. The first oscillator is a
very stable tuned -circuit type, the proper adjustment of which is maintained through
the use of an improved type of synchronizing automatic -tuning -control system. The
second oscillator is crystal controlled. Separation of the carrier and side band is
accomplished in the receiver by means of band-pass crystal filters which provide ex-
tremely high selectivity. Unusually high stability and selectivity characterize the
performance of the receiver.

SEVERAL years ago the Bell Telephone Laboratories conducted a
series of tests involving the use of single side band with reduced
carrier on a short-wave radiotelephone circuit. The results of

these tests were published' in 1935 together with a description of the
transmitter and receiver which were used. The tests proved the prac-
ticability of single -side -band operation on short-wave circuits and led
to the adoption of this type of equipment by the American Telephone
and Telegraph Company for use in certain of their overseas radiotele-
phone plant. Three systems are in service, two with England and the
other with Hawaii. A new type of receiver for operation in the range
from 4 to 22 megacycles was developed for, and is in operation on,
these circuits. This receiver is superior in performance to the one used
in the earlier tests, the improvement being due largely to refinements
in oscillators, filters, and automatic -tuning mechanism. The receiver
is designed so that it may be equipped for single -channel or twin-
channel reception. In a twin -channel system, a second channel is ob-
tained by adding another side band on the other side of the carrier.

The physical construction of the receiver involves a number of in-
dividual panels mounted in three rack -type cabinets. Figs. 1 and 2 are

* Decimal classification: R361. Original manuscript received by the In-
stitute, July 21, 1938. Presented before Thirteenth Annual Convention, New
York, N. Y., June 16, 1938.

F. A. Polkinghorn and N. F. Schlaack "A single side -band short-wave
system for transatlantic telephony," PROC. I.R.E., vol. 23, pp. 701-718; July,
(1935).
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front and rear views respectively of the receiver, the latter figure show-
ing the insides of the cabinets through opened rear doors. The panels
are of the depressed -front type in which the panel -wiring and power -
circuit -filtering elements are within the depressed part of the panel and

Fig. 1-Front view of the receiver.

covered by a mat. The various mats provide the finished front surface
of the receiver. The cabinets and mats are finished with a metallic
gray lacquer and fittings are of dull black and chromium. An interlock-
ing protective system is built into the receiver for the removal of high
voltages from any point in the receiver when that point is exposed by
the removal of a mat or shield.
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GENERAL CIRCUIT DESCRIPTION

The separation of side bands and carrier in the receiver requires
filters having extremely sharp cutoff characteristics. A satisfactory
filter design for this purpose involves the use of quartz -crystal elements

Fig. 2-Back view of the receiver, cabinet doors open
and shield covers removed.

for operation in the vicinity of 100 kilocycles. However, it is extremely
difficult to develop a sufficient amount of image suppression in the
high -frequency circuits of a double -detection receiver if the intermedi-
ate frequency is as low as 100 kilocycles. To overcome this difficulty,
triple detection is used in this receiver. The carrier at the first inter-
mediate frequency is 2900 kilocycles which is sufficiently high to per-
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mit the practical rejection of first intermediate -frequency images by
means of the selectivity of conventional high -frequency tuned circuits.
At 2900 kilocycles filtering is introduced which discriminates against
images of the second intermediate frequency of 100 kilocycles.

Fig. 3 shows the circuit diagram of the receiver in block schematic
form. Two sets of high -frequency amplifiers and first detectors are
used to cover the frequency range from 4 to 22 megacycles rather than
the more conventional method of plug-in type of coils. Low circuit
losses and high stability of the high -frequency circuits are achieved
in this manner. The first beating oscillator, which is continuously
variable in frequency, heterodynes the signal in the first detector to
produce the first intermediate -frequency carrier of 2900 kilocycles.
After filtering and amplifying, the 2900 -kilocycle signal is heterodyned
with a 3000 -kilocycle beating -oscillator frequency in the second detector
to produce the second intermediate -frequency carrier of 100 kilocycles.
The 3000 -kilocycle second beating oscillator is of the quartz -crystal
type and is temperature controlled.

Following the second detector the circuit divides into either two or
three branches. The carrier and side band are selected separately in
the first two branches. The third branch is an optional feature and pro-

the means of selecting the second channel if twin -channel opera-
tion is desired. The carrier branch circuit selects and amplifies only the
100 -kilocycle carrier and provides this frequency as a pilot for auto-
matic tuning control of the first beating oscillator. It also provides
reconditioned carrier at high amplitude for final detection of the side
band if so desired. The band width of the crystal filter which selects
the carrier is very narrow, the cutoff frequencies being 20 cycles to
either side of the 100 -kilocycle mid -band frequency. Discrimination is
65 decibels or more with respect to 100 kilocycles for all frequencies 100
cycles or more removed from 100 kilocycles. A most important consid-
eration in the design of this filter is the prevention of shifting of the
pass band with variations in temperature. The pass band must be fixed
at all times with respect to a 100 -kilocycle precision type of oscillator
which furnishes the reference frequency for automatic tuning control.
For this reason the crystals employed in the carrier filter are of a
negligible temperature coefficient type.

The channel branch circuit following the second detector selects
side -band frequencies lying in the range from 94 to 100 kilocycles. This
side band is amplified and then detected by beating in the third de-
tector with either the reconditioned received carrier or a locally gener-
ated carrier. A stage of voice -frequency amplification follows the third
detector and provides a maximum receiver output of 10 decibels above
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6 milliwatts into a 600 -ohm load. The filter which selects the side band
deserves particular notice, since it is representative of the most recent
development of the crystal band-pass filter. It is composed of a four-
section lattice network, each section of which employs four crystal
elements. The pass band is flat to within plus or minus 1/2 decibel over
the entire range of 6 kilocycles. The attenuation rises very sharply
at the cutoff frequencies of 94 and 100 kilocycles, the discrimination
at 93 and 101 kilocycles being 90 decibels or more. Discrimination of
at least 90 decibels is maintained at all frequencies outside of the range
of 93 to 101 kilocycles. The channel filter accounts in a large measure
for the unusually high degree of selectivity of this receiver.

The optional third branch circuit is a duplicate of the second
branch except that the filter pass band is from 100 to 106 kilocycles.

Returning to the carrier branch circuit, the received carrier fre-
quency is rectified to furnish direct voltage for automatic -volume-con-
trol purposes. The automatic -volume -control circuit embodies a for-
ward -acting connection which operates in such a manner as to produce
an exceedingly flat volume -control characteristic. The design features
of this system are discussed at greater length in a subsequent section.

ELECTRICAL DESIGN FEATURES

Automatic Tuning Control
In order to permit the use of a locally generated carrier for detect-

ing the side -band signal, the side band must be maintained in an exact
relation with the local carrier. This is accomplished by automatically
adjusting the first beating oscillator so that the received carrier at the
second intermediate frequency is the same as that of the local oscilla-
tor. This assures at the same time that the received carrier and side -
band frequencies are correct relative to the pass bands of the crystal
filters. Electrical reaction types of automatic tuning depend for opera-
tion upon the existence of a difference between the controlled and the
controlling frequencies and an error is always present when the elec-
trical tuning is functioning. Such control systems are dependent also
upon the amplitude of the received signal. Loss of the carrier for an
instant, as might occur when a selective fade is encountered, may cause
the receiver to become detuned since the oscillator frequency com-
mences to depart from its controlled value as soon as the carrier
disappears. The automatic -tuning mechanism used in this receiver
overcomes these objections to a large extent. The control system con-
tains a mechanical link which is inoperative when no carrier is present.
The mechanical link is a phase -operated motor which actually syn-
chronizes the controlled and the controlling frequencies.
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Fig. 4 shows the automatic -tuning -control circuit in block schemat-
ic form. A sample of the received carrier from the carrier branch cir-
cuit is amplified and then fed to two balanced modulators. Each bal-
anced modulator is also supplied with a voltage from the 100-kilocycle

local -carrier oscillator.
In order to produce a two-phase beat -frequency supply for operat-

ing a two-phase synchronous tuning motor, the 100 -kilocycle oscillator
voltages which are supplied to the modulators are displaced 90 degrees

SAL MOD
V7 B vs

BAL MOD

vo & vlo

fl AMP
V3

-LI AMP
VI

100 KCA1

100ACW"

PHASE 100 KILOCYCLE
SHIFT - REFERENCE

NETWORK OSCILLATOR

TO LOCAL CARRIER AMPLIFIER

AMP
V4

AMP
V2 100=A KILOCYCLES FROM

CARRIER BRANCH AMPLIFIER

TUNING CONDENSER
ON FIRST BEATING OSCILLATOR

_ TWO PHASE VARIABLE
RELUCTANCE syNCHRomOuS MOTOR

Fig. 4-Block schematic diagram of automatic -tuning -control circuit.

in phase from each other by means of a phase-shifting network. Thus,
any difference between the frequencies of the received carrier and the
reference oscillator produces a beat frequency in each balanced modu-
lator and these beat frequencies are in quadrature phase relative to
each other. This two-phase power at the beat frequency is applied to
the tuning motor which in turn makes the small adjustment on the
first beating -oscillator frequency to synchronize the received carrier
at second intermediate frequency with the 100-kilocycle oscillator. The
synchronous tuning motor operates on small fractions of a cycle per
second which results in extremely sensitive control. The system main-
tains the 100 -kilocycle received carrier at zero beat with the local
carrier oscillator when receiving a signal having normal crystal stabil-
ity.

First Beating Oscillator
The design of the first beating oscillator is novel in several respects.

The fundamental requirement in the design of this oscillator was elec-
trical stability and freedom from mechanical vibration effects. Elec-
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trical stability has been obtained by the use of special coils having low
temperature coefficients, and by the use of relatively large tuning
capacitances. The oscillator circuits are rigidly supported to the inside
of a heavy cast -aluminum box. This aluminum casting serves a dual
purpose, of electrical shielding and mechanical isolation. The casting
is supported from the main panel by means of cushion supports so
that it is free to move a limited amount relative to the panel. The mass
of the casting and the cushion supports are the elements of a mechani-
cal filter. The automatic -tuning motor is mounted on the oscillator
panel immediately below the oscillator casting and the small variable
tuning condenser of the motor is coupled to the oscillator circuit
through a flexible shielded lead. The beating -oscillator voltage for the
first detector is coupled to the modulating grids of the first detectors
through a shielded flexible lead. A high degree of shielding and filtering
of the oscillators has been maintained in order to prevent radiation and
the resultant interference with other receiving equipment in the vicin-
ity. Controls are located on the oscillator panel for manually adjusting
the automatic -tuning motor from a 60 -cycle supply voltage for setting
the initial position of the motor -driven trimming condenser.

Automatic Volume Control

The automatic -volume -control voltage is derived from the incom-
ing reduced carrier which is selected through the carrier branch ampli-
fier. In order that the desired relation between carrier and side -band
amplitudes be maintained at the third detector, the volume -control
action which applies to the carrier circuits is duplicated as nearly as
possible in the side -band circuits. The magnitude of the automatic -
volume -control action is the same in the two cases, but the speed of
operation is faster for the carrier branch. The design of the volume-
control system from receiver input to carrier rectifier is conventional.
However, in addition, a limited amount of control is applied to the
fourth stage of the carrier amplifier. Since this stage is located at a
point in the circuit following the carrier rectifier, it does not contribute
to the rectifier input and is therefore forward acting. This type of con-
nection compensates for the inherent rising volume characteristic at
the carrier rectifier. A like amount of compensating action is applied
to a stage in each channel branch amplifier.

The time constant of the automatic -volume-control system is slow,
the value being 8 seconds for all circuits except that of one stage of the
carrier branch amplifier. This one stage is supplied with as fast a time
constant as the band width of the carrier filter will permit. The 8-
second time constant prevents high side -band amplitudes at the third
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detector during selective fades of the carrier, and the faster carrier
time constant at the same time tends to maintain a constant carrier
from the carrier -branch amplifier.
Power Supply

The receiver operates from a 50- to 60 -cycle, 110- to 120 -volt alter-
nating -current power source. Vacuum -tube cathode heaters obtain
power from transformers located on the various panels. Plate current
is supplied to the tubes from five automatically regulated rectifiers.
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Fig. 5-Pass-band characteristic of carrier filter.

In addition to these a sixth rectifier supplies bias voltages and power
for the automatic -volume -control system. The duplication of power
rectifiers is for the purpose of minimizing reaction between the various
circuit components and contributes appreciably to the high circuit
stability obtained.
Metering

All vacuum -tube plate and screen currents may be measured with-
out interrupting the circuit. Each plate and screen current passes
through an individual small metering resistor on one of two 36 -point
metering switches located on the front of the receiver. A meter is asso-
ciated with each switch, and is transferred from one resistor to another
in the manner of a shunting millivoltmeter. By this means it is possible
to make routine measurements and to anticipate tube failures, allow-
ing necessary replacements to be made during normal shutdown peri-
ods. Other meters provided in the receiver circuit are a carrier -rectifier
milliammeter, a voice -frequency output meter and voltmeters on the
power rectifiers.
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PERFORMANCE

Figs. 5 and 6 show the attenuation-versus -frequency characteristics
of the carrier and channel crystal filters, respectively. In Fig. 6, the
optional second -channel filter characteristic is shown in dotted lines.

130

120

110

100

z
70

3 60

F.. 50

;/1 40

30

20

10

11111 ME

114Ialrfli1l11i11_ rfYii--

-III e

Es
116 1 1[

-I
,

1 CH1=L "BARZL

.1111140111
00 88 60 92 04 90 98 100 102 104 106 1015

FREQUENCY IN KILOCYCLES PER SECOND
I 0 117

Fig. 6-Channel-filter characteristics.
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Sharp cutoff and high attenuation to undesired frequencies are the dis-
tinguishing characteristics of these filters, as discussed in a preceding
section.
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Fig. 7-Image-suppression characteristic.
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The noise which originates in the receiver may be classified as
thermal, tube, and power noise. The total thermal and tube noise is
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approximately 1 decibel greater than theoretical first -circuit noise.
Power noise which is principally 120 cycles is down 55 decibels from
the signal at the output of the receiver. Thus, in normal operation the
signal-to-noise ratio is the ratio of signal to atmospheric noise in the
receiving antenna.

Fig. 7 shows the degree of image suppression accomplished by the
receiver circuits. The suppression of image frequencies is 80 decibels
or more with respect to the desired signal over the entire range of tun -

-120 -110 -100 -90 -60 -70 -60 -50 -40
INPUT TO 72 OHM TRANSMISSION LINE

DB ABOVE 1 VOLT

-30 -20

Fig. 8-Automatic-volume-control characteristic.

-10

ing of the receiver. This suppression is accomplished by means of high -
Q radio -frequency circuits, a relatively high first intermediate fre-
quency, and by design of the first intermediate -frequency filter.

Fig. 8 shows the automatic -volume -control characteristic of the re-
ceiver. The receiver output is flat to within approximately ± 1 decibel
over the useful range of field strengths to be encountered in a commer-
cial circuit. This flatness is obtained by the afore -mentioned forward -
acting branch of the volume -control circuit and by initially high gain
in the over-all circuit.
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Fig. 9-Over-all voice-frequency-response curve.

Fig. 9 shows the over-all voice -frequency band of the receiver. The
nominal band width when receiving a single channel is from 100 to
6000 cycles. The upper limit is determined almost entirely by the
channel -filter cutoff.

The initial warm-up period of the receiver is approximately one
hour, during which time it is necessary to reset the automatic -tuning
motor by manual controls once or twice. After this warm-up period,
the receiver stability is such that not more than one adjustment per
day is necessary to correct drifting which occurs in the receiver.
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PARALLEL -RESONANCE METHODS FOR PRECISE MEASURE-
MENTS OF HIGH IMPEDANCES AT RADIO FREQUENCIES

AND A COMPARISON WITH THE ORDINARY
SERIES -RESONANCE METHODS*

BY

D. B. SINCLAIR
(General Radio Company, Cambridge, Massachusetts)

Summary-Two parallel -resonance methods are described which determine
primarily the parallel conductance of a parallel -tuned circuit. They are most useful
for measuring relatively low admittances (high impedances). Since they are duals of
the reactance- and resistance -variation methods, they have been named the susceptance-
and conductance -variation methods.

These parallel -resonance methods are compared with the series -resonance meth-
ods with respect to range and possible sources of error. It is pointed out that, for
substitution measurements, tight coupling to a constant frequency power source need
not introduce errors in measurements with either series- or parallel -resonance meth-
ods. The errors caused by residual inductance and metallic and dielectric loss in the
standard condenser are discussed and numerical examples given.

A precise method of interpreting resonance -curve data is presented. Experi-
mental results are listed for measurements of high resistances by the susceptance-
variation method.

I. INTRODUCTION

THE methods in widest use at present for impedance measure-
ments at radio frequencies are probably the so-called "react-
ance -variation"' and "resistance-variation"2 methods. In their

conventional form, these depend upon observation of the current varia-
tion in a series -resonant circuit as a function of the change in a known
reactance or resistance. They are best suited to the measurement of
relatively small impedances.

While such methods may be adapted to the measurement of high
impedances, the measurements are usually less accurate than the direct

* Decimal classification: R240. Original manuscript received by the In-
stitute, March 29, 1938. Presented before Rochester Fall Meeting, November 8,
1937.

1 Originally described by V. Bjerknes, "Leber electrische Resonanz,"
lVied. Ann., vol. 55, p. 121, May, (1895). First adapted for use with con-
tinuous waves by R. von Traubenberg and B. Monasch, "tber die Verwendung
kontinuierlicher elektromagnetischer Schwingungen bei Dampfungsmessungen,"
Phys. Zeit., vol. 8, p. 925, December 15, (1907). Also known as the "distuning
method" and "capacity -variation method."

I Originally described by R. Lindemann, "Uber Dampfungsmessungen
mittels ungedampfter elektrischer Schwingungen," V erh. der Deutsch. Phys.
Gm, vol. 11, p. 28, January 15, (1909). Also known as the "added -resistance
method."
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measurements of low impedances.' It is, therefore, highly desirable to
have available methods specifically intended for the measurement of
high impedances which are as simple and straightforward as the series -
resonant methods.

In this paper are described two methods which may be regarded
as the "duals" of the reactance- and resistance -variation methods.
These methods depend upon observation of the voltage variation across
a parallel -resonant circuit as a function of the change in a known
susceptance or conductance. They are best suited to the measurement
of small admittances. Since they are complementary to the usual
series -resonance methods, they have been named the "susceptance-
variation" and "conductance -variation" methods.

The series -resonance methods in general use at present are properly
methods for determining the effective series resistance of a series -tuned
circuit. The parallel -resonance methods to be described are properly
methods for determining the effective parallel conductance of a parallel -
tuned circuit.

Since all resonance methods primarily determine circuit conditions,
it should be emphasized that measurements of an individual piece of
apparatus connected in circuit may be carried out only if the remain-
ing impedances concerned are known. Substitution methods obviate
the necessity of detailed knowledge of the elements making up the
measuring circuit. That is, if two measurements be made, one with
the unknown apparatus in circuit and one with it out of circuit, the
admittance or impedance of the unknown may be deduced from the
change in circuit admittance or impedance. Since impedances of indi-
vidual pieces of apparatus are usually desired, the importance of sub-
stitution measurements with resonance methods will, accordingly, be
stressed.

II. IDEALIZED THEORY OF PARALLEL -RESONANCE METHODS

1. The Susceptance-Variation Method
The prototype circuit used for the parallel -resonance methods is

illustrated in Fig. 1.
In deriving the simple relationships between conductance, capac-

itance, voltage, and frequency in the measuring circuit, certain ideal-
ized conditions will be assumed initially. The effects of departures

See, for instance, P. B. Taylor, "Method for measurement of high re-
sistance at high frequency," PROC. I.R.E., vol. 20, pp. 1802-1805; November,
(1932) and discussion by R. F. Field, p. 1805.

4 For a discussion of the principles of duality see, for instance, A. Russell,
"A Treatise on the Theory of Alternating Currents," vol. I, second edition,
chapter XXI, pp. 510-528; Cambridge University Press.
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from these idealized conditions will be discussed in a subsequent
section.

For a preliminary investigation the circuit residual parameters5
will be neglected. An imperfect coil will be represented by its equiva-
lent parallel reciprocal inductance r, and conductance G. The volt-
meter V will be assumed to have negligible admittance and the stand-
ard condenser C will be assumed to have a pure capacitance. The power
source will be assumed to supply a constant sinusoidal voltage of
fixed frequency. Finally, the coupling capacitance Ce will be assumed
so small that the current I is essentially constant, irrespective of
changes of admittance of the measuring circuit.

MEASURING
C A CIRCUIT

E
H. F

VP P

Fig. 1-Circuit for parallel -resonance measurements.

Two readings of voltage and capacitance are necessary with this
method to determine the conductance of the parallel -tuned circuit,
one at parallel resonance (defined as the point of maximum voltage)
and one at any other value of capacitance.

For any arbitrary setting of the standard condenser C,

I
V = (1)

G, j (cuC -111)
w

For the condition of parallel resonance, the susceptance of the
measuring circuit is zero, coC= coC,= rp/co and the voltage V is a
maximum = V.

IV, =o (2)

Eliminating I between (1) and (2),

V, coC - rpho--- = 1 + j (3)V G

6 Wiring inductance, resistance, and capacitance; mutual inductance andcapacitance between circuit elements, etc.
' If the coil be assumed to have a series impedance equal to R.-FjcoL., as is

R. R. w'L, 1customary, G, = _ and r, - ....,

R. + (coL)2 (cow= R.2 -1-(a..)2 L,
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and expressing (3) in terms of absolute magnitudes rather than complex
quantities

But

Therefore,

wC - 1"/co
G =, (4)

1.77)2- 1

wC-rp/oz = ozC - coC,± (coC, - rp/w) = co(C - Cr).

G, =
w(C - Cr)

(5)
Vr \ 2_

v
where the voltage Vr corresponds to the capacitance Cr and the
voltage V to the capacitance C.

An explicit expression, therefore, defines the unknown conductance
GP in terms of a known susceptance difference and a known voltage
ratio.'

2. The Conductance -Variation Method
If, in addition to the variable condenser, a conductance standard

be used, a method of determining the conductance G,, in terms of a
conductance difference may be derived. This method requires two
readings of voltage at parallel resonance, one with the standard con-
ductance connected in parallel with the measuring circuit and one with
it disconnected.

Assume, initially, that the conductance standard has negligible
residual parameters and that it may be connected and disconnected
from the measuring circuit without appreciably affecting the circuit
susceptance.

When the circuit is tuned to resonance (zero susceptance and
maximum voltage), (2) shows that the voltage across the measuring
circuit is inversely proportional to the circuit conductance. The volt-
age V,, across the measuring circuit when the standard conductance
is disconnected is, therefore, given by

(2)

7 This expression has been independently derived by M. Boella, "Un metodo
assoluto per la misura della resistenza equivalente dei circuiti oscillatori," Alta
Frequenza, vol. 4, pp. 647-656; December, (1935); and by L. Hartshorn and
W. H. Ward, "The measurement of the permitivity and power factor of di-
electrics at frequencies from 104 to 107 cycles per second," Proc. Wireless Section
I.E.E., vol. 12, p. 6, March, (1937). See also W. Anderson, "The dielectric
constant and power factor of some solid dielectrics at radio frequencies," Phil.
Mag., ser. 7, vol. 13, p. 986, May, (1932).
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Similarly, the voltage V across the measuring circuit, when the
standard conductance G is connected in parallel, is given by

IV
G, + G

Eliminating / between (2) and (2a),

1
G, = G.V

- 1

(2a)

(6)

V
An explicit expression, therefore, defines the unknown conductance

G, in terms of a known conductance difference and a known voltage
ratio.

III. COMPARISON OF IDEALIZED THEORIES OF PARALLEL-
AND SERIES -RESONANCE METHODS

The prototype circuit used for the series -resonance methods is
shown in Fig. 2.

MEASURING
-B CIRCUIT

LB

Fig. 2-Circuit for series-resonance measurements.

To illustrate the duality existing between the parallel- and series-
resonance methods, the assumptions and mathematical derivations
have been collected in comparable form in Table I.

From this table it is seen that strict duality exists between the
conductance -variation and resistance-variation methods. For strict
duality to exist between the susceptance-variation and reactance -
variation methods, the reactance standard used in the reactance -varia-
tion method should be a variable inductor rather than the variable
condenser. Under such conditions the equation for the reactance -varia-
tion method would become

R, - 0.1(L - 14)

which is a complete dual of the susceptance-variation equation.
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TABLE I
PARALLEL -RESONANCE METHODS (Refer to Fig. 1) SERIES -RESONANCE METHODS (Refer to Fig. 2)

Assumptions:
I. Circuit residual parameters neglected.
2. Imperfect coil represented by equivalent

parallel reciprocal inductance and conduct-
ance

3. Voltmeter V has zero admittance.
4. High -frequency power source supplies

constant sinusoidal voltage of fixed frequency.
5. Standard condenser C has pure capaci-

tance.
6. Coupling capacitance C, is so small that

current I constant, irrespective of changes of
measuring -circuit admittance.

Assumptions:
1. Circuit residual parameters neglected.
2. Imperfect coil represented by equivalent

series inductance L. and resistance R..

3. Ammeter I has zero impedance.
4. High -frequency power source supplies

constant sinusoidal voltage of fixed frequency.
5. Standard condenser .S has pure elas-

tance.
6. Coupling mutual inductance M, is so

small that induced voltage E is constant, irrespec-
tive of changes of measuring -circuit impedance.

Suscepta nee -Variation
Method

For any setting of C
I

V - (1)

Gp +A (WC -1.2)
At parallel resonance

V,

and
I

Vr =- (2)
Gp

Combining (1) and (2)
.,(C-C,)

Gy = (5)

Conductance -Variation
Method

At resonance, stand-
ard conductance G
disconnected

IV,=- (2)

At resonance, stand-
ard conductance C
connected in parallel

V,2=I (2a)
Cp +G

Combining (2) and
(2a)

1

Cp - C (6)
Vr,- -1

Reactance -Variation
Method

For any setting of S
E

(7)
S

R. +5 (L.- -
At series resonance

S Sr- =-
and

=R (8)

Combining (7) and (8)
1 Sr -S

R. =- (9)

rV k
/LV

)

Resistance -Variation
Method

At resonance, stand-
ard resistance R dis-
connected

1,1= - (8)
R.

At resonance, stand-
ard resistance R con-
nected in series

R -(-R
(8a)

Combining (8) and
(8a)

1R. =-R  (101
Iri- -1

IV. DEVIATIONS IN ACTUAL CIRCUITS FROM IDEALIZED
THEORY OF RESONANCE METHODS

Expressions have now been derived for the circuit parallel con-
ductance in terms of susceptance or conductance differences and
voltage ratios, and for the circuit series resistance in terms of react-
ance or resistance differences and current ratios. In the idealized cases
considered, the circuit conductance or resistance has been assumed to
be that of the coil alone.

In addition, simple expressions for the parallel reciprocal inductance
or series inductance of the coil have been derived in terms of a stand-
ard capacitance or elastance. Measurements under such conditions,
therefore, define the electrical properties of the coil, as an individual
piece of apparatus, as well as those of the circuit as a whole. In prac-
tice, however, the idealized conditions do not obtain and there will, in
general, be deviations from the simple theory, caused by circuit
residual parameters and by finite coupling to the source, which have
not so far been considered.

I. Errors in Parallel -Resonance Methods Caused by Finite Coupling
The errors arising from finite coupling will first be considered. If

the coupling is not very weak, variations of admittance or impedance
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of the measuring circuits will be "reflected" back into the output of
the source. If the source be a self-excited oscillator, these variations will
generally cause changes in both frequency and amplitude of oscilla-
tion.

In particular, with any of the resonance methods, changes of fre-
quency may lead to serious errors.8 It is, therefore, highly desirable to
interpose between the oscillator and measuring circuit an isolating or
"buffer" tuned amplifier. If, for instance, a well -shielded, class A,
tuned -radio -frequency pentode amplifier be used, the variation of fre-
quency with load may usually be made negligible, although appreciable
variations in amplitude may occur when the measuring circuit is ad-
justed. Errors caused by frequency changes will then be negligible and

fp

eg

Fig. 3-Equivalent circuit of
a high -frequency power
source.

Fig. 4-Equivalent circuit of a parallel -reso-
nance setup, including the effect of finite
coupling to a high -frequency power source.

it will be shown that no error is caused by amplitude changes provided
the resonance methods are used for determining the admittance or
impedance of an individual piece of apparatus.

A source composed of an oscillator and isolating amplifier may, to a
first approximation at least, be represented by the familiar equivalent
circuit of Fig. 3. Consider, now, the case of the parallel -resonance
methods, with the circuit of Fig. 1. The assumption made in setting up
the circuit relations for the parallel -resonance methods was that the
current flowing into the measuring circuit was constant. The equivalent
circuit illustrated above is one having a constant -voltage generator.
It may, however, be replaced by another equivalent circuit having a
constant -current generator which will satisfy the assumption regarding
constant current into the measuring circuit. The transformation is
carried out by applying a dual form of Thevenin's theorem. This dual
form states that any active, linear, two -terminal network is equivalent,
as seen from the terminals, to a constant -current, zero -admittance gen-
erator, in shunt with a constant admittance. The constant current is
equal to the short-circuit current at the terminals with all internal

 For a discussion of errors caused by variations in frequency see, for in-
stance, E. B. Moullin, "Notes on the detuning method of measuring the high -
frequency resistance of a circuit," Exp. Wireless and Wireless Eng., vol. 7, p.
367, July, (1930); also, "The Theory and Practice of Radio -Frequency Measure-
ments," second edition, Charles Griffin and Company, Ltd., (1931), pp. 279-281:
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electromotive forces zero. The circuit of Fig. 1 may, therefore, be re-
drawn as in Fig. 4 to include the effect of finite coupling.

The circuit of Fig. 4 satisfies the original assumption regarding
constant current into the measuring circuit. The circuit conductance,
however, is now not the coil conductance GI, alone, but the sum of this
conductance and that of the circuit composed of the coupling capaci-
tance Cc in series with the source output impedance. Similarly, the
total susceptance of the equivalent circuit is now not zero when the
capacitive susceptance of the standard condenser is equal to the
inductive susceptance of the coil but when it is equal to the algebraic
sum of the coil susceptance and the susceptance of the circuit composed
of the coupling capacitance in series with the source output impedance.

Rs Ls

E (B -B) Yt Gx+je,

Fig. 5-Equivalent circuit of a series- Fig. 6-Simplified equivalent circuit of
resonance setup, including the
effect of finite coupling to a high -
frequency power source.

The direct application of parallel -resonance methods for measuring
coils, as outlined for the idealized case, therefore, generally involves
errors in the deduction of both the coil conductance and reciprocal
inductance. These errors depend upon the output impedance of the
source and upon the coupling capacitance Cc.

a parallel -resonance setup.

2. Errors in Series -Resonance Methods Caused by Finite Coupling

A similar analysis may be applied to the case of the series -resonance
methods, with the circuit of Fig. 2. For these methods the assumption
made in setting up the circuit relations was that a constant electro-
motive force was induced in series with the measuring circuit. The
source may again be represented by the equivalent circuit of Fig. 3.
A direct application of Thevenin's theorem immediately leads to the
equivalent circuit of Fig. 5, which satisfies the original assumption re-
garding constant7series electromotive force. The circuit resistance,
however, is now not the coil resistance R, but the sum of this re-
sistance and that coupled into the measuring circuit from the source
output impedance. Similarly, the total reactance of the equivalent
circuit is now not zero when the capacitive reactance of the standard
condenser is equal to the inductive reactance of the coil, but when it is
equal to the algebraic sum of the coil reactance and that coupled into
the measuring circuit from the source output impedance.
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The direct application of series -resonance methods for measuring
coils, as outlined for the idealized case, therefore, generally involves
errors in the deduction of both the coil resistance and inductance.
These errors depend upon the output impedance of the source and upon
the coupling mutual inductance M,

3. Significance of Errors Caused by Finite Coupling
Before proceeding to a discussion of errors introduced by residual

impedances, it seems proper to point out that in measuring individual
pieces of apparatus the errors caused by change in amplitude have no
significance. In the parallel -resonance methods, for instance, the cir-
cuit conductance is measured first with the unknown apparatus con-
nected in parallel, then with it disconnected. The effect of finite
coupling is simply to introduce an effective admittance, in shunt with
the measuring circuit, which depends only upon the output impedance
of the source and upon the coupling. Provided the coupling is not varied
between the two measurements, the difference between the two meas-
ured conductances is, therefore, equal to the conductance of the
unknown apparatus, regardless of the magnitude of the conductance
component caused by strong coupling to the source. Similarly, the
change in resonant capacitance of the standard condenser is an ac-
curate measure of the susceptance of the unknown apparatus since the
condenser is set to reduce the total circuit susceptance to zero, both
when the unknown is connected and disconnected.

For measurements of the admittance of individual pieces of ap-
paratus, it is, therefore, permissible to consider the circuit of Fig. 1
as simply a two -terminal linear active network, in parallel with the
standard condenser C. The equivalent circuit is illustrated in Fig. 6.
Since, in this form, the equivalent circuit conforms to the original
assumptions in the idealized case, the effective conductance and sus-
ceptance of the two -terminal network are given by the expressions

co(C -
Gc = (5)VA'

4AV 1

B. = - wC,. (11)

for the susceptance-variation method, and by the expressions
1

Gc - G (6)

- 1
Vr,
- coC, (11)

for the conductance -variation method.
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If G,' and Be' be the circuit conductance and susceptance with the
unknown disconnected and Ge" and Be" the circuit conductance and
susceptance with the unknown connected, the unknown conductance
G. and susceptance B. are given simply by

= Ge" - Ge' (12)

Be = Be" - Be' (13)

Similar reasoning applied to the case of the series -resonance meth-
ods indicates that no error caused by finite coupling need occur in
measuring impedances of individual pieces of apparatus. The circuit
resistance is measured first with the unknown apparatus connected in
series, then with it disconnected, or short-circuited out. The effect of
finite coupling is simply to couple into the measuring circuit an im-
pedance which depends only upon the output impedance of the source

Z.

Fig. 7-Simplified equivalent circuit of a series -resonance setup.

and upon the coupling. Provided the coupling is not varied between
the two measurements, the difference in the two measured resistances
is, therefore, equal to the resistance of the unknown apparatus, regard-
less of the magnitude of the resistance component caused by strong
coupling to the source. Similarly, the change in resonant elastance of
the standard condenser is an accurate measure of the reactance of the
unknown apparatus since the condenser is set to reduce the total cir-
cuit reactance to zero both when the unknown is connected and
disconnected.

For measurements of the impedance of individual pieces of ap-
paratus, it is therefore permissible to consider the circuit of Fig. 2 as
simply a two -terminal, linear, active network, in series with the stand-
ard condenser S. The equivalent circuit is illustrated in Fig. 7. Since,
in this form, the equivalent circuit conforms to the original assumptions
in the idealized case, the resistance and reactance of the two -terminal
network are given by the expressions

(Sr - S)10.)Re- (9)

GY- 1

X. = - Sr/w (14)
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for the reactance -variation method, and by the expressions

1

Re_
- - 1
SrIrk

xe - -
co

(10)

(14)

for the resistance -variation method.
If Re' and X,' be the circuit resistance and reactance with the un-

known disconnected and Re" and X," the circuit resistance and re-
actance with the unknown connected, the unknown resistance R. and
reactance X x are given simply by

R. = Re" - Re' (15)

X. = X," - X,'. (16)

4. Errors in Parallel -Resonance Methods Caused by Residual Parameters
In the idealized case, for the parallel-resonance methods, the dis-

tributed capacitance of the coil, the wiring capacitance, and the ad-
mittance of the vacuum -tube voltmeter were all neglected. These
admittances are all in parallel with the standard condenser and con-
sequently may be lumped in the two -terminal network of Fig. 6 and
included as part of Y,

When making measurements of an individual circuit element by
the substitution method outlined, these residual admittances do not
cause error since they drop out in taking circuit conductance and
susceptance differences.

This reasoning applies equally well to the effect of lead resistances
and self -inductances except those between the unknown impedance
and the standard condenser. Any resistance or inductance in these
leads will, of course, be measured as a part of the unknown.

In the case of mutual inductances, errors may arise if electromotive
forces are induced magnetically in the loop comprising the standard
condenser and the voltmeter. These errors may generally be made
negligibly small by the use of short leads and proper shielding.

The most serious source of error lies in the residual impedances in-
herent in the standard condenser. As was pointed out in a previous
paper,9 a variable air condenser may be represented to a first approxi-

g R. F. Field and D. B. Sinclair, °A method for determining the residual in-
ductance and resistance of a variable air condenser at radio frequencies," PROC.I.R.E., vol. 24, pp. 255-274; February, (1938).
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mation by the equivalent circuit of Fig. 8(a). Except for second -order
corrections, this is the same as the circuit of Fig. 8(b).

In these figures, R represents the effective resistance corresponding
to joulean losses in the metallic structure, L, the effective inductance
corresponding to the magnetic flux set up by currents in the metallic
structure, and G, the effective conductance corresponding to hysteretic
losses in the dielectric supports. These may all be considered roughly
constant, independent of the dial setting, at any one frequency. C rep-
resents the static capacitance of the condenser.

G

O

(a) (b)

Fig. 8-Equivalent circuits representing a standard condenser with
residual inductance and metallic and dielectric losses.

Consider, now, the errors caused by the residual parameters R, L,
and G depicted in Fig. 8(b). The dielectric conductance G is directly
across the measuring circuit and may be lumped into the admittance
Y,, along with the voltmeter and coil admittances, the admittance
component coupled into the measuring circuit from the generator, and
the measuring -circuit residual admittances. It, therefore, drops out
in the measurement of individual circuit elements by a substitution
method. The metallic resistance R introduces a conductance component
in the effective circuit conductance which varies with setting. The con-
ductance component arising from this resistance is approximately equal
to R(wC)2. Except in the very special case when the susceptance of
the unknown is zero, this component will cause error in the determina-
tion of the unknown conductance since the settings of the standard
condenser with the unknown in and out of circuit will be different. The
residual inductance L causes the effective capacitance at the condenser
terminals to differ from the static capacitance by an amount which
depends upon the setting. The effective capacitance is approximately
equal to C/(1 -co2LC). Except in the trivial case when the unknown
susceptance is zero, the residual inductance will therefore cause error
in the determination of the unknown susceptance. In the susceptance-
variation method it will also cause error in the determination of con-
ductance, since it will cause error in capacitance differences.

A concrete example will illustrate the type and order of magnitude
of the errors discussed. A typical General Radio type 222-M precision
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condenser has a residual inductance of 0.0604 microhenry and a
metallic resistance of 0.017 ohm at a frequency of 1.5 megacycles.
Suppose such a condenser be used as standard to measure a 500-micro-
microfarad condenser with a power factor of 0.05 per cent at 1.5 mega-
cycles. Then C.= 500 micromicrofarads, Gi,= 2.36 micromhos. With the
unknown out of circuit, let the setting of the standard condenser for
resonance be 1000 micromicrofarads. The effective capacitance at this
setting will be 1005.4 micromicrofarads and the conductance com-
ponent caused by R will be 1.51 micromhos. With the unknown con-
nected, the setting of the standard condenser for resonance will be 504.1
micromicrofarads, corresponding to an effective capacitance of 505.4
micromicrofarads, and the conductance component caused by R will
be 0.38 micromhos. The difference between the two resonance settings,
as read from the dial, is 495.9 micromicrofarads, which differs from the
true effective capacitance increment by 0.8 per cent. The change in
the circuit conductance when the unknown condenser is connected is
not equal to the conductance of the unknown, but the algebraic sum
of this conductance and the change in conductance of the standard
condenser. This algebraic sum is 1.23 micromhos instead of 2.36
micromhos. The assumption of zero or constant conductive component
in the standard condenser will therefore lead to an error of 48 per cent
in the measurement of conductance or power factor of the unknown
condenser.'°

5. Errors in Series -Resonance Methods Caused by Residual Parameters

Turn now to a consideration of the series-resonance methods. An
analysis of the effects of various residual parameters again emphasizes
the duality with the parallel -resonance methods.

In the idealized case, the wiring resistance and inductance and the
ammeter impedance were all neglected. These impedances are all in
series with the standard condenser and consequently may be lumped
in the two -terminal network of Fig. 7 and included as a part of Zc.

When making measurements of an individual circuit element by
the substitution method outlined, these residual impedances do not
cause error since they drop out in taking circuit resistance and re-
actance differences.

This reasoning applies equally well to the effect of the coil distrib-

'° This large error in power -factor measurement is the same type of error
often found in measurements of dielectrics at high frequencies. In many cases
it is found that measurements of power factor tend to be abnormally low, or
even negative, at very high frequencies. See, for instance, J. G. Chaffee, "The
determination of dielectric properties at very high frequencies," I'noc. I.R.E.,
vol. 22, pp. 1009-1020; August, (1934).
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uted capacitance (between terminals). Capacitance from the "high"
side of the coil to ground will cause error if it becomes appreciable
compared to the capacitance of the standard condenser and if the im-
pedance of the ammeter is not negligible. The error, however, may
generally be made negligibly small by shielding the coil L and con-
necting the shield to the "low" side of the coil. The capacitance of the
shield to ground will simply shunt the ammeter and cause no error.
Capacitive coupling between the coils in the high -frequency power
source and the measuring circuit will cause error but such an error
may be eliminated by placing a grounded shield between the coils.
Any capacitance between the terminals to which the unknown is con-
nected and between the lead wires to the unknown will, of course, be
measured as a part of the unknown.

There is one other capacitance in the series -resonance circuit which
will cause error, namely, the capacitance to ground from the side of the
unknown which is connected to the standard condenser. This capaci-
tance, denoted as (5C in Fig. 7, causes an error in the effective elastance
of the standard condenser of a similar nature to the error in effective
capacitance caused by residual inductance in the parallel -resonance
methods. The effective elastance of the standard condenser is equal to
S/(1±(3C) S) and is seen to differ from the static elastance by an
amount which depends upon the condenser setting. Except in the
trivial case when the unknown reactance is zero, the residual capaci-
tance will, therefore, cause error in the determination of the unknown
reactance. In the reactance -variation method it will also cause error
in the determination of resistance since it will cause error in elastance
differences.

Consider, now, the errors caused by the residual parameters R, L,
and G, illustrated in Fig. 8(a). The metallic resistance R and residual
inductance L are directly in series with the measuring circuit and may
be lumped into the two -terminal impedance Z along with the ammeter
and coil impedances, the impedance component coupled into the meas-
uring circuit from the generator, and the measuring -circuit residual
impedances. They, therefore, drop out in the measurement of indi-
vidual circuit elements by a substitution method. The dielectric con-
ductance G introduces a resistive component in the effective circuit
resistance which varies with the setting. The resistive component
arising from this conductance is approximately equal to G(S/co)2. Ex-
cept in the very special case when the reactance of the unknown is
zero, this component will cause error in the determination of the un-
known resistance, since the settings of the standard condenser with the
unknown in and out of circuit will be different.
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As before, a concrete example will serve to illustrate the type and
order of magnitude of the errors discussed. Suppose the precision con-
denser previously described be used to measure a 2500-micromicro-
farad condenser with a power factor of 0.05 per cent at a frequency of
1.5 megacycles. Then S.= 400 (microfarads)-' and R2=0.0212 ohm.
This precision condenser has a dielectric conductance G of 0.21 micro -
mho at a frequency of 1.5 megacycles, and the setup is so arranged
that the residual capacitance 5C is 2.4 micromicrofarads. Let the setting
of the standard condenser for resonance with the unknown out be
10,000 (microfarads)-' (C = 100 micromicrofarads). The effective elas-
tance at this setting will be 9766 (microfarads)-', and the resistive
component caused by G will be 0.225 ohm. The setting of the stand-
ard condenser for resonance with the unknown connected will be 9581
(microfarads)-', corresponding to an effective elastance of 9366 (micro-
farads)-' and the resistive component caused by G will be 0.207 ohm.
The difference between the two resonance settings as read from the
dial is 419 (microfarads)-', which differs from the true elastive incre-
ment by 4.8 per cent. The change in the circuit resistance is not equal
to the resistance of the unknown, but the algebraic sum of this re-
sistance and the change in resistance of the standard condenser. This
algebraic sum is 0.0032 ohm instead of 0.0212 ohm. The assumption
of zero or constant resistive component in the standard condenser
will therefore lead to an error of 84.9 per cent in the measurement of
resistance or power factor of the unknown condenser.

V. COMPARISON OF SERIES- AND PARALLEL -RESONANCE METHODS

The conductance -variation method described, while theoretically
useful, is not recommended from a practical standpoint since reliable
standards of high resistance appear to be difficult to realize physically."
The remainder of this paper will, accordingly, deal chiefly with the
susceptance-variation method and its dual, the reactance -variation
method.

1. Range and Precision
The range and precision of resonance methods arc closely related.

Consider, first, the susceptance-variation method. Assume that a pure
conductance is to be measured. The lower limit of measurable con-
ductance is determined by the ability to distinguish between the
breadths of two resonance curves which are very nearly equal. The

n See, for instance, M. Boella, "Sul comportamento alle alts frequenze di
alcuni tipi di resistenze elevate usate nei radio-circuiti," Alta Freguenzaz vol. 3,
p. 132, April, (1934); and 0. S. Puckle, "The behavior of high resistances
at high frequencies," The Wireless Eng., vol. 12, pp. 303, June, (1935).
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higher limit is determined by the ability to obtain a large enough part
of the resonance curve to interpret. In other words, the lower limit is
determined by precision of reading and the upper limit by condenser
range.

Now turn to the reactance -variation method. The lower limit of
measurable resistance is determined by the ability to distinguish be-
tween the breadths of two resonance curves which are very nearly
equal. The higher limit is determined by the ability to obtain a large
enough part of the resonance curve to interpret. In other words, as be-
fore, the lower limit is determined by precision of reading and the
upper limit by condenser range.

The susceptance-variation method is best suited to the measure-
ment of low conductances and the reactance -variation method to the
measurement of low resistances. There will ordinarily be an overlapping
region where either method will give satisfactory results.

2. Accuracy
The accuracy of measurement with the susceptance-variation

method depends primarily upon the accuracy with which voltage ratios
and susceptance differences are known.

Voltage ratios may be conveniently read on a vacuum -tube volt-
meter. Since only ratios need be known, the indication of such a
voltmeter need not be independent of frequency, provided the shape
of the calibration curve does not change.

Susceptance differences are determined from frequency and from
effective capacitance differences. Available methods of measuring fre-
quency accurately and of keeping frequency constant assure negligible
error in frequency determination. Effective capacitance differences,
however, depart from static capacitance differences because of residual
inductance in the standard condenser used. In addition, the effective
conductance of the measuring circuit changes with condenser setting
because of loss in the metallic structure of the standard condenser.
The errors caused by residual inductance and metallic resistance in-
crease with frequency and, for any given standard condenser, fix a top
frequency above which it is not feasible to operate.

The accuracy of measurement with the reactance -variation method
depends primarily upon the accuracy with which current ratios and
reactance differences are known.

Current ratios may be conveniently read on a thermocouple mil-
liammeter. Since only current ratios need be known, the indication of
such a milliammeter need not be independent of frequency provided
the shape of the calibration curve does not change.
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Reactance differences are determined from frequency and from
effective elastance differences. As mentioned above, frequency need
not be considered as a factor in determining accuracy. Effective elas-
ance differences, however, depart from static elastance differences
because of residual capacitance (SC in Fig. 7). In addition, the effec-
tive resistance of the measuring circuit changes with condenser setting
because of loss in the dielectric supports of the standard condenser.
The error caused by dielectric conductance decreases with frequency.
It would, therefore, appear that the reactance -variation method is
better adapted to measurements at very high frequencies than the
susceptance-variation method.

This conclusion, however, is subject to serious qualifications. Meas-
urements are usually made with standards of smaller capacitance at
high frequencies than at low frequencies since the breadth of a reso-
nance curve corresponding to a given conductance or resistance de-
creases inversely with frequency and this factor tends to aid the
parallel -resonance methods in comparison with the series -resonance
methods.

If it be assumed, for instance, that wC be held constant as the fre-
quency is increased and that the residual inductance and metallic
resistance decrease proportionally with C, then the inductive error
in the susceptance-variation method does not depend upon frequency
and the resistance error decreases with frequency.

In contrast, if it be assumed that 8/0.) be held constant as the fre-
quency is increased and that the residual capacitance and dielectric
conductance decrease inversely as S increases, then both the capacitive
and the conductive errors in the reactance-variation method are inde-
pendent of frequency.

The assumptions made above are not, of course, strictly true but it
is clear that the frequency limitations of the two types of methods
need not differ appreciably if the measuring circuits are properly
designed.

VI. EXPERIMENTAL INVESTIGATION

1. General Procedure

The experimental work to be described was largely confined to de-
termining the possible range and accuracy which could be obtained
with the susceptance-variation method when as many disturbing fac-
tors as possible were minimized.

The procedure adopted was to measure several wire -wound high -
resistance units in order to determine the range of satisfactory opera-
tion and then to compare results obtained with different variations of
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the prototype circuit of Fig. 1 in order to determine the consistency
which might be expected. A check on accuracy was obtained by meas-
uring the resistance of a straight -wire resistance standard, the skin
effect of which could be computed for the frequency used.

2. Interpretation of Experimental Observations
Before the experimental results are discussed a word about the

method of interpreting data is in order. Theoretically, two sets of
measurements of voltage and capacitance, one at resonance and one
off resonance, are all that are required in order to make a conductance
determination. Practically, however, much greater precision may be
obtained by running over the resonance curve and taking several sets
of readings.

A simple method of taking data with the susceptance-variation
method, for instance, is to read the voltage at resonance and the two
capacitance settings at which the voltage is reduced by N/2. If Cl and
G2 be the two capacitance settings for which this condition obtains,
(5) becomes

w(Ci - C2)
G, =

2

This method of interpretation is fairly precise because the capacitance
values are read under such conditions that small errors of setting are
readily seen in the voltage reading.

More precise interpretation may be secured, however, by taking a
number of points on the resonance curve and plotting the resulting
information in the form of a straight line. From (5) it is seen that a
plot of the quantity NAV,/ V)2- 1 as a function of capacitance will

give such a straight line. The inverse slope of the straight line is equal
to the quantity Grit.) and the intercept with the capacitance axis is
equal to the resonant capacitance Cr." Typical plots are shown in Figs.

10 to 14.
While the labor involved in a single measurement is somewhat

greater with such straight-line plots than with readings taken at
V =V,I-7, the interpretation of data is more satisfactory for precise
results. Not only are several experimental observations weighted in
the final result, but any deviation from a normal resonance curve may
be detected immediately from curvature in the locus of the plotted

12 E. B. Moullin (footnote 8) describes such a method of interpretation
for the reactance -variation method in his "Theory and Practice of Radio
Frequency Measurements," second edition, p. 279. His "rectified resonance
curve," however, is a straight line only for sharp resonance curves. If his
"tan 0( = V(/,.//)2 -1) be plotted as a function of elastance, rather than capaci-
tance, a true straight line will result, the inverse slope of which equals coRi.
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points. In particular, the accuracy depends directly upon the measure-
ment of the voltage at resonance. If this voltage be incorrectly de-
termined, the plot will become distinctly S-shaped instead of linear.

3. Experimental Setup

The setup used consisted of a high -frequency source having an out-
put impedance of about 10 ohms and a high degree of frequency
stability, a vacuum -tube voltmeter giving an indication substantially
independent of supply voltage variations, and an accurately calibrated
precision variable air condenser.

The physical arrangement was such that the unknown could be
plugged into circuit in any one of the positions shown in Fig. 9.
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Fig. 9-Variations of the prototype parallel -resonance
circuit used for making measurements.

The residual parameters of the variable -air condenser were de-
termined by the method outlined in a previous publication.9 The data
which follow are corrected for errors caused by these residual param-
eters.

4. Consistency Tests

(a). Measurement of a 10,000 -Ohm Resistor

The effective conductance Gc of the measuring circuit was first
determined with a small air condenser used for the coupling capacitor
Cc. The straight-line plot of -V( V,/ 17)2-1 as a function of capacitance
is shown in Fig. 10.

The unknown was next plugged into circuit in parallel with C
as shown in Fig. 9(a), and the effective conductance again determined.
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The circuit conductance, in this case, is augmented by the effective
conductance of Cc and Z, in parallel, in series with the oscillator output
impedance." Since the source impedance is only 0.1 per cent of the
unknown, the unknown may be considered for all practical purposes
as effectively shunting the measuring circuit directly. The straight-
line plot of .V( V,./102- 1 as a function of a capacitance is shown dotted
in Fig. 11.
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Cr  450.6 ppf
6  14.68 prnho

Fig. 10-Plot of resonance -curve data with a 10,000 -ohm resistor out of circuit.

The unknown resistor was then plugged into circuit directly across
the standard condenser, as illustrated in Fig. 9(b) and the effective con-
ductance redetermined. It was necessary to increase the capacitance
Cc in this case, in order to maintain a suitable deflection on the
vacuum -tube voltmeter. The capacitance, however, was still suffi-
ciently small so that the change in the conductance component
coupled into the measuring circuit from the source output impedance
was negligibly small. The straight-line plot of V( V)2- 1 as a func-
tion of capacitance is shown solid in Fig. 11.

11 See Fig. 4 and discussion in Section IV, part 3, regarding error caused by
finite coupling.
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The difference in conductance with the unknown in and out was
89.5 micromhos for the circuit of Fig. 9(a) and 89.7 micromhos for
the circuit of Fig. 9(b). The first of these figures is low by 0.1 per cent
because of the output impedance of the source and the final results are
seen to agree to about 0.1 per cent.

While the effective conductance component contributed by the
unknown should theoretically be the same when connected as shown
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Fig. 11-Plot of resonance -curve data with a 10,000 -ohm resistor connected.

in Figs. 9(a) and 9(b), the actual circuit conditions are quite different in
the two cases and the experimental verification would seem to indicate
that no factor of importance had been omitted from the analysis.

The average value of 89.65 micromhos determined for the card
corresponds to a resistance of 11,160 ohms. This value indicates an
increase in resistance at a frequency of 1 megacycle of about 1.8 per
cent over the value of 10,960 ohms measured at direct current. The
measured susceptive component was of the order of 0.5 micromho,
capacitive.
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(b). Measurement of a 1000 -Ohm Resistor

A 1000 -ohm resistance card of the same type was measured next.
The procedure followed was exactly the same as that outlined for the
measurement of the 10,000 -ohm resistor.

In this case, the conductance measured with the circuit of Fig. 9(a)
was distinctly lower than that measured with the circuit of Fig. 9(b)
since the correction for the 10 -ohm source output impedance was about
ten times greater than it was in the 10,000 -ohm measurement. When
the correction was applied, however, the values of the unknown
resistance deduced from the two measurements were brought into
agreement within 0.2 per cent at a value of 1009 ohms. This value
indicates an increase in resistance at a frequency of 1 megacycle of
about 0.9 per cent over the value of 999.7 ohms measured at direct
current. The measured susceptive component corresponds to an ef-
fective series inductance of 30.3 microhenrys.

(c). Measurement of a 300 -Ohm Resistor

A 300 -ohm resistance card of the same type was measured next.
With the particular setup used, this value was about the lowest that
could be measured directly.

The measurement was first made with the circuit of Fig. 9(b).
Since the impedance of the measuring circuit was heavily shunted
down by the unknown resistor, it was found necessary to use a high
capacitance in the coupling condenser C in order to obtain a satis-
factory deflection on the vacuum -tube voltmeter.

Under such conditions, the conductive component coupled into
the measuring circuit from the source output impedance is an appreci-
able part of the measured circuit conductance. Since the vacuum -tube
voltmeter used in these measurements was a single -scale instrument,
and since the source output voltage could not be varied without chang-
ing the output impedance, it was found impractical to use the same
value of Cc for measurements of conductance with the unknown in and
out of circuit. In order to eliminate the resulting variation in coupled -
in conductance, the source output voltage was held constant, thereby
effectively reducing the source output impedance to zero.

The straight-line plot of the resonance -curve data when the un-
known is plugged into circuit is shown in Fig. 12. Over the entire
range of the standard condenser used the change of the quantity
N/(17,./17)2- 1 is only ± 1. From this measurement the deduced values
of the series resistance and inductance of the unknown are 302.8 ohms
and 15.5 microhenrys, respectively.



1488 Sinclair: Methods of Measuring High Impedances

The resistor was next measured in conjunction with a series con-
denser as illustrated in Fig. 9(c). The choice of this method arises from
the fact that the effective conductance of a reactance and resistance in
series is less than the reciprocal of the resistance. If the value of a
large conductance is to be determined, the use of a series condenser
will, therefore, reduce the conductive component to be measured.
In other words, the effective range of the parallel -resonance methods
may be extended to lower values of resistance than can be measured
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603 ppf

G+Gx = 3009 ;mho

Fig. 12-Plot of resonance -curve data with a 300 -ohm resistor connected.

directly. This method of extension is analogous to the method of ex-
tending the range of series -resonance methods to higher resistance
values than can be measured directly by means of parallel condensers
and is subject to the same dangers."

The procedure in this case is first to measure the circuit conduct-
ance alone and to determine the resonant capacitance, then to repeat
the measurements with the auxiliary condenser Co in shunt with the
measuring circuit, and, finally, to repeat the measurements with the
unknown resistor, in series with the auxiliary condenser, in shunt
with the measuring circuit.

14 See, for instance, a discussion of P. B. Taylor's paper by R. F. Field,
footnote 3.
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The straight-line plot of the resonance -curve data, when the re-
sistor was measured in series with a 200-micromicrofarad auxiliary
condenser, is shown in Fig. 13. The resonance curve is seen to be about
five times as sharp in this case as it was with the resistor shunted
directly across the measuring circuit since there is a total change of 4
in the quantity NAV,/ V)2-1 over about four tenths of the range of
the standard condenser used. From the data obtained by this "step-
by-step" method the deduced values of the series resistance and
inductance of the unknown are 302.3 ohms and 15.3 microhenrys,
respectively.
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Fig. 13-Plot of resonance -curve data for 300 -ohm determination.

The circuit of Fig. 9(d) was used for a third check measurement of
the 300 -ohm resistor. The method is essentially the same as that out-
lined above for the step-by-step series condenser method except that
the impedance in series with the unknown is the impedance of that
portion of the circuit lying to the right of the section C-C, rather than
that of an auxiliary condenser.

The straight-line plot of the resonance-curve data obtained when
the unknown was plugged into circuit is shown in Fig. 14. In this case,
it was found that the loss introduced in series with the vacuum -tube
voltmeter was so great that, in order to obtain a reasonable voltmeter
reading, a very large value of coupling capacitance C. was necessary.
This coupling capacitance effectively shunts the measuring circuit,
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as was previously mentioned, and resonance, with the coil used, fell
outside the range of the standard condenser when a full-scale deflection
of the voltmeter at resonance was obtained. A compromise value of C.
was, therefore, used which gave about half -scale deflection at resonance
and a resonance setting just inside the range of the standard condenser.
With the reduced voltage at resonance it was not feasible to carry the
resonance curve as far down, proportionally, as it was with full-scale
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Fig. 14-Plot of resonance -curve data for 300 ohm determination.

deflection at resonance because of -0 V)2- 1 and is, accordingly,
carried only to 2.5 in Fig. 14. From the data obtained from this method,
the deduced values of the series resistance and inductance of the un-
known are 302.5 ohms and 14.8 microhenrys, respectively.

The three methods agree within 0.2 per cent at a resistance value
of 302.5 ohms. This value indicates an increase in resistance at a
frequency of 1 megacycle of about 1.0 per cent over the value of 299.7
ohms measured at direct current. The measured inductance is 15.2
± 0.4 microhenrys.
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5. Accuracy Test

The accuracy of the susceptance-variation method was tested by
measuring a straight -wire resistance standard, the skin effect of which
was less than 0.01 per cent at a frequency of 1 megacycle.

The measurement was made with the circuit of Fig. 9(d).
The value of the resistance deduced from the straight-line plots

was 5.543 ohms. This figure checks the value of 5.539 ohms obtained
with direct current within 0.1 per cent.
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RECTANGULAR HOLLOW -PIPE RADIATORS*

Br
W. L. BARROW AND F. M. GREENE

(Massachusetts Institute of Technology, Cambridge, Massachusetts)

Summary-The open hollow pipe of rectangular cross section is discussed from
both practical and theoretical standpoints as a radiator and absorber of ultra -short
electromagnetic waves. A theory of operation is derived and it is verified by a series
of measured radiation patterns taken at wavelengths of 50 to 100 centimeters.

INTRODUCTION

r IHIS paper reports some of the results of a theoretical and experi-
mental investigation of the radiation properties of open-ended
rectangular conducting pipes. Theoretical calculations of the

radiation patterns have been made, and a series of patterns have been
measured at wavelengths between 50 and 100 centimeters to determine
the actual patterns that may be obtained.

The many desirable features possessed by the hollow pipe as a
conductor for electromagnetic energy at extremely high frequencies,
such as the substantially perfect shielding, the low dielectric and con-
ductive losses, and the simple and rugged construction, suggested that
an open-ended hollow pipe might serve as an effective radiatoror absorb-
er for radio waves, in place of the more cc,nventional types of antennas
and reflectors.' '2

Representative radiation patterns for two types of waves in cir-
cular pipes (the E0 and the Hi waves, respectively) have already been
published.' A short circular metal cylinder with an antenna along the
axis has been suggested as radiating means.' Flared horns attached to
a pipe have also been described.'.2 A separate investigation of hollow
pipes of different cross-sectional shapes' has shown the wisdom of using

' Decimal classification: R129. Original manuscript received by the Insti-tute, March 23, 1938.
A large part of the experimental work reported here was done in connec-

tion with the Master's thesis entitled "An Investigation of the Radiation Proper-
ties of Electromagnetic Hollow -Pipe Systems," by F. M. Greene, Massachusetts
Institute of Technology, (1937). Mr. Greene is associated with the SignalDivisionof the Erie Railroad.

1 G. C. Southworth, "Hyper -frequency wave guides-general considerations
and experimental results," Bell Sys. Tech. Jour., vol. 15, pp. 284-309; April,
(1936).

2 W. L. Barrow, "Transmission of electromagnetic waves in hollow tubes of
metal," PROC. I.R.E., vol. 24, pp. 1298-1328; October, (1936).

3 L. Bergmann and L. Kruegel, "Messungen im Strahlungsfeld einer im
Innern eines metalischen Hohlzylinders erregten Linearantenne," Ann. der
Phys., vol.121, pp. 113-138; October, (1934).
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pipes of rectangular cross section and H waves, rather than those of
circular cross section proposed heretofore, because it is only in rec-
tangular pipes that a hollow -pipe wave can be obtained with a con-
figuration ideally adapted to the production of strictly linearly
polarized radio beams.

GENERAL CONSIDERATIONS

The radiating or absorbing means that will be discussed comprises,
in its simplest form (Fig. 1), a hollow conducting pipe open at one end
and joined at the other end to a terminal device for connecting the
hollow pipe with a conventional two -conductor circuit. The terminal

HANDLE

ADJUSTABLE PISTON EXCITING, ROD

limApp
OR MOUTH

OPEN END

TERMINAL HOLLOW PIPE
DEVICE

COAXIAL
FEED LINE APPARATUS

SENDING OR RECEIVING

Fig. 1-Open-end hollow -pipe radiator.

illustrated has a vertical exciting rod, an adjustable piston reflector,
and a coaxial -line connection between the rod and the sending or re-
ceiving apparatus. If electromagnetic energy at a frequency above the
critical value of the pipe is delivered to the exciting rod from a trans-
mitting apparatus, it will be transmitted down the pipe as hollow -pipe
waves to the open end, where a part of it will be radiated into space,
the remainder being reflected back into the pipe. The efficiency of
transmission through the pipe and of the radiation from its end is high
and the radiant energy is propagated predominantly in the forward
direction. In this way, an open hollow pipe may be used as a distinctive
type of transmitting antenna. In a reverse manner, when a radio wave
of frequency greater than the critical value impinges on the open end
of the pipe, a part of the energy will be propagated through the in-
terior of the pipe to the terminal device and thence to the receiving
apparatus where it may be demodulated. Therefore, an open hollow
pipe may be used as a receiving antenna that is responsive to waves
whose frequency exceeds the critical value.

The ease with which the hollow -pipe radiator can be put in opera-
tion and maintained is striking. Usually, the only important adjust-
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ment is the distance between the plunger or closing wall and the ex-
citing rod, but this adjustment can be made in several minutes even
with rudimentary equipment. Furthermore, this adjustment is not too
critical and the system operates well over a relatively wide range
of frequencies. By replacing the plunger with a dissipative medium or
a nonreflective termination, this broad -band feature can be extended.
The facility with which different degrees of sharpness in the two planes
of the beam may be produced by a suitable choice of cross section is also
considered a practical advantage.

When the simplest wave, the H0,1 wave, is used in a rectangular
pipe with a vertical exciting rod, as in Fig. 1, the radiated wave will
be vertically polarized. A vertically polarized receiving antenna would
then be used, and, since such antennas generally receive waves of only
one polarization, all of the transmitted energy is utilized in the most
effective way. This simple polarization is a feature peculiar to the rec-

%gum
1E1

A Hco WAVE H02 WAVE

Fig. 2-Electric-intensity distribution and configuration across the mouth of apipe for two types of waves in a rectangular pipe.

tangular pipe and it is the principle reason for preferring this pipe
to circular and other shapes. The electric field intensity across the
mouth of the pipe for the H0,1 wave, shown in Fig. 2A, is strictly verti-
cal and has a half -sinusoid distribution in the horizontal direction with
the maximum at the center of the pipe, and a uniform distribution in
the vertical direction. When such a pipe and terminal device are used
as a receiving antenna, it responds only to vertically polarized waves.
The radiation patterns and the comments to follow apply equally well
to the transmitting or to the receiving applications of the open hollow
pipe.

The distribution of the next higher -order wave, the 110,2 wave is
shown in Fig. 2B; it has a full -period sinusoidal distribution. Whereas
the H0,1 wave radiates a single beam directly to the front, the H0,2
wave radiates two sidewise beams. In general, the H -zero -odd -integer
waves have a principal forward beam, but the H-zero -even -integer
waves have no forward beam but two principle beams arranged sym-
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metrically one on each side. Although any of the other types of waves
may be used, viz., the H.,m or the E.,m waves, only the Hom and
particularly the H0,1 types appear to have characteristics adapted to
the usual radiation problems, and the remaining discussion will deal
almost exclusively with these latter types.

THEORETICAL CALCULATION OF RADIATION PATTERNS

An exact mathematical solution of this problem is not possible
because of our inability to satisfy the boundary conditions on a finite
open-ended pipe. Nevertheless, an approximate result has been ob-
tained that is sufficiently accurate for most practical purposes. The
details of the analysis are given separately in the Appendix; the body
of the paper will deal with the theoretical results in an interpretive
way. The radiation patterns for the 1/0 waves only will be discussed.
A summary of the method follows.

The components of electric intensity E and of magnetic intensity
H. and H. for an Ho, wave inside an infinitely long rectangular pipe
are given by4

2= C1 Cc1

mir
cos (- z

sin-(mr
z

DLitirsin -z
mr( bH, = - Ciiwe -

b 1 ma
cos(- z

b

1
H, = Cgoel3

r
cost

m-
z

mbrsin -zi( )

e-iex+iwg (1)

where m denotes the number of half sinusoids or maxima in the hori-
zontal distribution. When m is an odd integer, the upper of the two
functions in brackets is chosen, and when even the lower is taken. The
quantity CI is a constant, b is the width of the pipe in the z direction,
0 = -V(2.71-/X)'- (mr/b)2, t= time in seconds, and co = 27r fre-
quency. Although this distribution is derived for an infinitely long pipe,
a number of experimental measurements have established that it also
holds to a good degree of approximation in the plane of the open end of
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a pipe of finite length. The distribution (1) is therefore assumed to
represent the field at the mouth of the radiator. The Hertzian vector,
H, from which (1) may be derived, is also known at the mouth.
Huygens' principle is next employed to calculate the Hertzian vector
H' for the space outside the pipe at a distance from the mouth large
compared to the wavelength X and the dimensions a, b. The several
components of electric and magnetic intensity in the spherical co-
ordinate system of Fig. 3 are then derived from H'. The radiation

Fig. 3-Polar co-ordinate system in relation to the open end of the pipe.

field thus obtained has only transverse components and the absolute
magnitude is the quantity usually measured experimentally. A curve
of the absolute magnitude of the electric intensity versus the space
angles 0, r comprises the usual field pattern or radiation characteristic
of the system.

We shall make use of the abbreviations

as
A = sin 0 = TV, sin 0

rbB=-sing=aWhsin0
X

fi
M= we= V 1- (-I")

2b
and the designations

a
W,, = vertical aperture = -

X

b
Wh = horizontal aperture =

X

(2)

(3)
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The functions of principal interest are those giving the radiation pat-
terns in the x, y plane (vertical characteristic) and in the x, z plane
(horizontal characteristic); they are:
In the x, y plane (vertical characteristic)

F

A

sin Al
Ee,(0, 0) = Cl(cos 0 cos sin (in-

2
lr ) I . (4)

L

In the x, z plane (horizontal characteristic)

7r

2
= C

sin (
2B

± 1-11

(cos 0 + M)

132 - (-mir )2

lee,(0, 0) gives the relative magnitude of the electric intensity trans-
verse to the radius vector r on a circle in the x, y plane of radius large
compared to the wavelength and to a and b. Et.,,, gives the corresponding
quantity in the x, z plane. The subscript m denotes the order of the
Ho,, wave excited in the pipe. The vertical bars indicate that the
absolute magnitude of the expression is to be taken.

The first factor C is a constant which depends on the current
strength in the exciting rod, the size of the pipe, the frequency of
excitation, on the fixed distance at which the field is investigated and
on other constant quantities that do not affect the field distribution.
The second factor comes from Huygens' principle and takes account
of the fact that a wave crosses the plane of the opening (as distin-
guished from a distribution of current elements in this plane). For
m =1 and horizontal apertures Wh>1, this factor is almost constant
(= 2) for values of 0 less than about ± 30 degrees, hence it has but little
influence when the dimensions of the pipe are sufficiently large for the
beam to be confined mainly within this limit. The third and fourth
factors in (4) and the third factor in (5) are the most important ones in
determining the shape of the radiation patterns when the pipe dimen-
sions are several times greater than the wavelength.

The vertical characteristic (4) is zero for m = an even integer. For
odd integers, it has the form (cos 0+M) (sin A)/A cos 0. This ex-
pression has the same form as the corresponding expression for the
diffraction of light from a rectangular slit and extensive numerical
tables are available.5

In order to attach a quantitative measure to the sharpness of the
beam we define the following two terms:

Jahnke-Etude, "Tables of Functions," second edition, chapter V.
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0, = vertical beam angle = the angle included between the first
zeros on either side of the center of the vertical characteristic.

Oh=horizontal beam angle = the angle included between the first
zeros on either side of the center of the horizontal characteristic.

The expression for 0 is readily obtained from (4) and that for Oh for
the special case m =1 is also readily found from (5):

60
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,r)

,40
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t' 300z

20w
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0 = 2 sin.-' -= 2 sin-' (-1
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3X 3

Oh = 2 sin-' -= 2 sin--' -
2b 2W1,

ev eh

2 5 10 20
APERTURE Wv OR Wh

Fig. 4-Horizontal (Oh) and vertical (B.) beam angles
versus the apertures Wh and W,.

SO

(6)

These functions are plotted as curves in Fig. 4. For equal apertures,
the beam will always be sharper in the vertical plane than in the
horizontal plane by a ratio of 2:3. Or, if equal beam angles are desired,
the pipe must be made wider in the z direction than in the y direction;
the ratio is b/a = 3/2. The explanation for this difference lies in the
distribution of electric intensity across the mouth of the pipe, which
is uniform in the y direction and sinusoidal in the z direction. By chang-
ing the relative magnitudes of a and b, a beam having given angles
in the two planes can be produced. For example, if the b side of the
pipe is made much broader than the a side, a beam that is sharp in the
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horizontal plane and broad in the vertical plane will result. If it is
desired to concentrate the radiation into a sharp pencil -like beam, it is
necessary to make both apertures W and WA large compared to unity.

The horizontal characteristic (5) may also be written in the forms

cos BErne, 2)C (cos 0 + M)[ , in odd
ma

2

Er,(7r

0,
2

= C (cos 0 + M)[
sin B

, 1/I (

(7)

B2 - (n2-7--)2

A OR B IN RADIANS

Fig. 5-Principal radiation functions for horizontal and vertical patterns.

The limiting cases in which the pipe dimensions are made to approach
their smallest workable values are of interest:
Vertical characteristic

Lim E,1(0, 0) = C I (cos 0 M) cos 01. (8)
W,-)0

Horizontal characteristic

7r
Lim4Eri(0,-

2
) = C

W A-

cos (-2 sin 0

cos 0
(9)

At the critical frequency, (8) becomes simply cos20 for the vertical
radiation pattern. The limiting case in the horizontal plane (9) is
almost a circle, but is somewhat drawn out in the forward direction.
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The bracketed functions for the vertical characteristic (4) and the
horizontal characteristic (5) for the special case m= 1 (H0.1 waves)
are shown in curve form in Fig. 5. Both are reduced to a maximum
amplitude of unity. These functions, as was pointed out, are mainly
responsible for the shape of the radiation patterns of the open hollow
pipe in the two planes when the apertures are greater in magnitude
than two or three. The patterns for pipes of different values of a and b
are all derivable from these basic curves. An important result is that
the relative magnitudes of the secondary lobes of the pattern in either

Fig. 6-Photograph showing the oscillator, coaxial -line connector,
and closed sending end of the hollow pipe.

plane compared to the magnitudes of the principle beam remain the
same as the beam angle is decreased by making the apertures larger.
We observe also that the secondary lobes in the vertical plane are con-
siderably larger in magnitude than those in the horizontal plane, a
feature that partially negatives the favorable beam-angle"size. The
relative magnitudes of the secondary lobes appear quite different,
however, if the square of the field intensity is plotted, corresponding
to reception with a square -law detector; in this case, the secondary
lobes in the horizontal plane are negligible, but those in the vertical
plane are objectionably large.

EXPERIMENTAL APPARATUS

The experimental results to be presented here comprise a series of
measured radiation patterns of a rectangular open hollow pipe, similar
to Fig. 1. The pipe was constructed of galvanized iron sheeting with
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inside dimensions a = 15 centimeters, b = 50 centimeters in sections
239 centimeters long. One or more sections were supported three
feet above the ground in a large level open field; the nearest obstruc-
tion in the forward 180 -degree sector was a fence off to the side at
about 700 feet from the pipe. The oscillator was also supported above
ground a few feet to the rear of the terminal end of the pipe with a
coaxial -line connection between the oscillator and the pipe. The ex-
perimental setup is shown in the photograph of Fig. 6.

27

180

Fig. 7-Directive response characteristics of the parabolic -reflector receiver.
Solid curve X =52 centimeters, dotted curve X =90 centimeters.

The oscillator has been described elsewhere.6 A voltage regulator on
all power supplies was used to prevent line fluctuation from influencing
the measurements. The oscillator was plate -circuit modulated at 60
cycles.

The receiver comprises a rod antenna with a parabolic reflector, a
type 955 "acorn" triode as a grid -leak detector followed by a cali-
brated attenuator, an audio -frequency amplifier, and a copper -oxide -
type meter. A diminutive tuned circuit in the grid of the detector tube
was necessary to prevent stray pickup of local broadcast transmitters.
This detector circuit was selected after a comparative investigation of

 W. L. Barrow, "An oscillator for ultra -high frequencies," Rev. Sci. Instr.,
vol. 9, pp. 170-174; June, (1938).
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other circuits, tubes and crystals, and modulated and unmodulated
signals; its sensitivity and reliability were high compared to those of
the other combinations tried.

The rod antenna of adjustable length was provided with a small
cylindrical parabolic reflector about 20 inches square to increase the
sensitivity and, particularly, to lessen the effect of reflections from the
operator during the course of the measurements. The measured direc-
tive characteristic of this receiver in the horizontal plane (antenna
vertical) at A = 90 and 52 centimeters are reproduced in Fig. 7. The
response at the angles 120 to 160 degrees is very small and the operator

Fig. 8-Photograph of the field -intensity measuring
equipment and pushcart.

stands in this region during the readings; in the forward direction the
response is not so sharp as to make aiming a problem. As shown in
Fig. 8, the entire receiver is mounted in a sturdy pushcarriage and,
generally, one person pushes the receiver about the radiator on a large
circle marked on the ground, while an assistant, following at some dis-
tance, records the data, but one person can operate the entire equip-
ment alone when necessary. Usually, a circle of 100 -foot radius was
followed, as measurements at greater distances had proved that noth-
ing was to be gained by going farther out. Test measurements showed
definitely that the nature of the ground was satisfactorily uniform and
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flat at these frequencies for radiation pattern measurements to be
made.

The entire apparatus operated remarkably well and the same field -
intensity readings could be observed unchanged for periods of hours.
A pattern taken on one day could be repeated in detail on another.
Calibrations of the receiver at one megacycle showed a 2.17 -law re-
sponse, but in plotting the curves of field intensity, the square roots of
the meter readings were taken for the sake of convenience; the error
incurred by this simplification is believed compatible with the nature
of the measurements. In presenting the experimental data, curves
have been drawn rather than points, because of the large number of
points that were taken on each pattern.

MEASURED RADIATION PATTERNS

Representative radiation patterns for the above -described pipe
with the H0.1 wave are reproduced as solid -line curves in Fig. 9 A, B, C,
D and Fig. 10 A, B and a number of calculated values are recorded
in the figures as small circles. In all figures, the open end of the pipe
is aimed along the 0 -degree line; the origin is taken at the center of the
mouth of the pipe. The series of curves in Fig. 9 shows the horizontal
patterns at four different frequencies for a pipe length L = 4.78 meters.
The horizontal pattern of Fig. 10A and the vertical pattern of Fig. 10B
are for a shorter length of pipe, L = 2.39 meters. The vertical pattern
was obtained by turning the pipe on edge with the exciting rod hori-
zontal by turning the receiving antenna into the horizontal plane, and
by following the same circle on the ground as before. The receiving an-
tenna was always oriented so as to be at right angles to a line con-
necting the receiver and the pipe mouth.

Perhaps the most unexpected part of these diagrams is the radia-
tion backwards; i.e., in the sector 90, 180, and 270 degrees. The theory
developed above is not valid here, and no calculations of this portion
of the diagrams have been made. Direct radiation from the oscillator,
coaxial line, or power supply cannot be the cause; because, when the
mouth of the pipe was closed with sheet metal, no field could be
measured with the receiver as close as several feet from the pipe or
oscillator. This back radiation is attributed to diffraction around the
mouth of the pipe, particularly the top and bottom edges. In this way,
it is believed, currents are set up on the outside of the pipe and radiate
in a noncalculable manner. Near the critical frequency, the back radia-
tion is almost as large as the forward radiation, but as the frequency is
increased it becomes smaller. For large apertures, particularly when
both W and WI, are large, it is certain that it will become negligible.
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From the four diagrams of Fig. 9, the beam is seen to sharpen
appreciably with increasing frequency. The agreement between theory
and experiment is considered excellent at X = 98 and 52 centimeters
and fairly good at 90 and 72 centimeters. In all cases, the measured
beam is somewhat sharper than the calculations predict. Other data

A B

C D
Fig. 9-Measured radiation patterns (solid curve) and calculated

values (small circles) in the horizontal plane.

are on hand, to be reported later, indicating that an even better agree-
ment is found with larger apertures. It appears, therefore, that the
theory is satisfactorily established and may be relied upon for any
practical purpose.

Our experience with directive arrays of half -wave antennas at
X = 50 centimeters, where stray radiation and reflection from supports,
insulators, transmission lines, etc., are impossible to avoid, has gener-
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ally shown a comparatively poor agreement between theory and
experiment. The open hollow -pipe radiator, on the other hand, is
particularly free from such stray effects, since no conducting or in-
sulating supports are required in the vicinity of the mouth, where the
field is strong, and the coaxial transmission line enters the pipe at the
closed end remote from the radiating opening. It is to be expected that
the actual radiation pattern will be almost entirely that produced by
the open end and that spurious radiation will be singularly absent.
Under such conditions, a theoretical calculation, assuming the theory
to be sound, should naturally agree closely with the practical results.

The smooth beam evidenced in Fig. 9 may be considered to be the
result of the half -sinusoid distribution (1) across the mouth appropriate

A
Fig. 10-Measured radiation patterns (solid curves) and calculated values

(small circles). The solid dots are calculated by an incomplete method, as
explained in the text.

to the H0.1 wave. The pipe used in obtaining these patterns was 4.78
meters long and experiment had demonstrated that the distribution
across the mouth was substantially the same as (1). It was also known
that appreciable departures from this distribution obtained at the
mouth of a pipe only half as long, and consequently one would expect
a modified radiation pattern from such a pipe. That this occurs may
be seen from Fig. 10A, which is the measured horizontal pattern at
X = 52 centimeters from a pipe of length 2.39 meters. The indentations
in the beam may be attributed directly to the nonsinusoidal distribu-
tion across the mouth of the pipe. If smooth calculable patterns like
those of Fig. 9 are to be obtained, it is clear that the pipe must be at
least long enough for the desired type of wave to be established near
the open end. In some instances, nevertheless:the shorter pipe may be
preferred.
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Unfortunately, the only measured vertical pattern was taken with
a short pipe, L = 2.39 meters, and it displays the same kind of irregu-
larities just discussed in connection with Fig. 10A. This vertical
pattern, shown in Fig. 10B, is for the same cross section as the other
diagrams, for which W,, = 0.3. It is relatively nondirective in the forward
180 -degree sector. The small circles represent values calculated from
(4). These values do not agree very satisfactorily with those of the
measurements. This discrepancy is thought to be caused by radiation
from conduction currents mentioned above, on the outer surfaces of
the top and bottom induced by diffraction around the top and bottom
edges. With larger apertures, W1., a better agreement of theory with
experiment is to be expected. It is an unexplained fact that the values
of the y component of electric intensity E. in the radiation field cal-
culated directly from (1) by means of Huygens' principle, plotted as
solid dots in Fig. 10B, agree very well with the measured values of E's.
This agreement, which has not been theoretically justified, is believed
to be purely fortuitous.

OTHER HOLLOW -PIPE RADIATORS

The simple arrangement of Fig. 1. is but one of the many types of
open -pipe radiators. As another example, a bidirectional radiator may
be obtained that sends beams in each direction along the axis by locat-
ing the exciting rod near the center of a section of hollow pipe open at
both ends.

A vertically polarized beam may be radiated from a rectangular
pipe with a vertical H0,1 wave. Similarly, a horizontally polarized beam
may be radiated with a horizontal H0,1 wave, that is, with a 1/1,0 wave.
These two waves are mutually independent in the pipe, and conse-
quently two noninterfering beams can be radiated from the same pipe
by providing it with a multiplex terminal device, similar to that illus-
trated' where the exciting rod 1 provides a horizontally polarized beam
and the exciting rod 2 a vertically polarized beam. It is also possible
with such a radiating system, by connecting the two exciting rods
through their feed lines to appropriate apparatus, to radiate an ellipti-
cally or a circularly polarized beam.

Arrays of open hollow pipes, in which several pipes are disposed in
space in some specific way and in which the exciting rod or rods are
supplied with currents of specific amplitudes and phases, allow the
production of radiation patterns of more complicated configurations.
In this application, the individual open hollow pipes may be considered
as the elements of the array, much as half -wave antennas constitute

7 See Fig. 19 of footnote 2.
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the elements for conventional short-wave arrays. Fig. 11A illustrates
an array in which four hollow pipes have their terminal devices con-
nected to the apparatus by coaxial lines. It is also possible to connect
the hollow pipes directly to a single terminal device in the manner in-
dicated in Fig. 11B, where a Y branch joins the two open pipes to the
terminal device. In this form, the vertical pipe section can be made
strong mechanically and can thus serve as the support or mast for the
radiator as well as for the conductor of the electromagnetic energy.

A B

WIRE Ok METAL
GRID

C

TUNEABLE HOLLOW CAVITY
OPEN HOLLOW

PIPE

D

Fig. 11-Other forms of hollow -pipe radiators.

Another illustration of a hollow -pipe radiator is shown in Fig. 11B,
where a grid of parallel wires or a slotted sheet -metal grill is located in
the pipe or at the mouth. By passing waves of one polarization, vertical
in the figure, and blocking waves of other polarizations, this grid in-
creases the polarization selectivity of the radiator. By disposing the
wires in the vertical direction, the resonant properties of the hollow -
pipe cavity contained between the walls, the plunger, and the grid
may be highly accentuated. Such a grid might be placed between the
exciting rods' to insure further the independence of the vertically and
the horizontally polarized waves. Another form of highly resonant
termination by means of which the radiator can be made responsive
to a very narrow range of frequencies to the exclusion of frequencies
outside this range is illustrated in Fig. 11D. In this figure, a tunable
hollow -pipe cavity or resonator with a plunger and an exciting rod is

g See Fig. 19 of footnote 2.
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connected to the open hollow -pipe radiator. There is an analogy be-
tween this combination and a conventional open -wire antenna with a
resonant circuit connected in its down -leads.

CONCLUSION

Two principal results of this research are the following: (1) the
development of a theory for the radiation from open hollow pipes;
and (2) the experimental verification of this theory. Another result is
the justification of the application of Huygens' principle when used in
conjunction with the Hertzian vector to radiation problems where the
dimensions of the system are comparable to the wavelength. We be-
lieve also to have shown that the open rectangular pipe is a radiating
element for ultra -short waves possessing several advantages over con-
ventional types of antennas. The absence of insulating members, the
freedom from stray radiation from supports and transmission lines,
and the absence of difficult amplitude and phase adjustments are ex-
amples of these features.

APPENDIX

Derivation of the Expressions for the Radiation Pattern

The essential details of the analysis leading to (4) and (5) are here
presented. This analysis is limited to the Ho,. wave. In accordance with
the summary of the method given in the body of the paper, we start
with the Hertzian vector H for the space inside the pipe, which has
only one component in the y direction. Using the symbol (i) to rep-
resent V-1 and i, j, k to denote unit vectors in the x, y, z directions,
respectively, the Hertzian vector within the pipe may be obtained in
the following form:

11 = jCi

cost z

sin
/ma (10)

This value is assumed to exist also at the open end of the pipe. The
same convention as to m will be used as explained under (1). The elec-
tric and magnetic field intensities are derived from the Hertzian vector
by means of the vector relations

H = e curl II
1 ..

E = - - H ± grad div H (11)

c2
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where e = dielectric constant, c = velocity of light in vacuum, and the
dot represents differentiation with respect to time. For example, (1)
is obtained by substituting (10) into (11) and carrying out the indi-
cated operations.

Huygens' principle in the formulation given by Kirchhoff is now
used to obtain the Hertzian vector, II' for the free space a great dis-
tance away from the pipe mouth. A suitable reference for an elemen-
tary exposition of Huygens' principle is "Introduction to Theoretical
Physics," by Slater and Frank, Chapters XXVI and XXVII. In the
form used in this reference, Huygens' principle is

r
n(t

I

f icos (p, r)
r -c\at

(-
ap
")

)dS.

(12)

The normal to the plane of the mouth into the pipe, i.e., in the ( -x)
direction, is denoted by p. The vector, r, connects the element of
surface dS in the plane of the mouth with the observation point P.
The retarded time is denoted by t-r/c. The integral is to be taken over
a closed surface about the radiator. It will be taken only over the mouth
with the distribution (10). It should be taken over the entire outer
surface of the pipe also, but, unfortunately, we have no means of deter-
mining the value of H on this outer surface. This defect is impossible
to remove and is characteristic of the application of Huygens' principle
to diffraction problems.

Evaluating the terms required in (12) from the value of H from
(10) gives

=
cvi

TI
v

4w J r

m
cos (- z

sin -z
(mbr

[-c cos (p, r) tddS. (13)

The integral is next simplified by introducing the polar co-ordinates
(see Fig. 5)

xo = f cos 0
o = r sin 0 cos r

zo = f sin 0 sin r
(14)
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and approximating r by the expression

r= -Vxo2 (yo - y)2 (zo - z)2
= Vf2 - 2f sin 0(y cos r z sin 0 + y2 + z2 (15)

f - sin 0(y cos r z sin 1-).

We assume that waves from all points of the mouth of the pipe arrive
at the point P with the same amplitude and, hence we take 1/r out-
side of the integral. Finally, we treat cos (p,r) as a slowly varying
function compared to the exponential and take it, too, outside the
integral, writing it as cos 0. We drop the factor (i) outside the integral,
since the absolute magnitude only is desired in the end. With these
simplifications, we get

jCiw
= -(cos + 13c e("("ic)

4irfc

cos (M76/2 a/2

_),/z --a/2 sinI -z

After integration we obtain

c(i)(2.1x) (,o.r+s,int).i.e dydz

sin - sin 0 cos 0Eqo 0c) XII' - cos 0 +
4rfc w ra

- sin 0 cos r
X

2

rb M
sin(- sin 0 sin 1- +

T )
rb ma- sin 0 sin r ± -
X 2

sin

(rb M- r
sin 0 sin r -

X 2
e(i)w(t-iqe)rb mw- sin 0 sin - -

X 2

(16)

(17)

m odd or even integer .

This is the general expression for the Hertzian vector of the radiation
field from the open hollow pipe. After some manipulation and rear-
rangement, it can be put in the simplified form



Barrow and Greene: Rectangular Hollow -Pipe Radiators 1517

jC10.1
ii' =

47rfc
(cos 0 + M)[

sin (A cos r)1

A cos r J

sin (B sin r ± m--7)

(B sin 02 - (-
2

(18)
2

mr

There is only one component, the j component in the y direction,
to H'. We denote the complex amplitude of this component by 11,',
i.e., II' =5II,', and resolve the Hertzian vector for the radiation field
into spherical co-ordinates, as follows:

II' = ii.ITT.' + ierlo' + igiri

ITi! = II,' cos r sin 0
He' = Hy' COS l. COS 0

IIr' = - II,' sin r
where 4, io, it designate unit vectors in the F, 0, and I- directions. From
(11), in spherical co-ordinate form, we obtain the electric and magnetic
intensities in the radiation field by neglecting terms proportional to
powers of 1/f higher than the first. In this way, we get

4 a it a
H = (f sin 0 Ht') ± - - (fITo')

f sin o of f af
co.,2e

= - (i) - { iellr' - 00'}
C

24)26He= --He' = - Hy' sin r

H
2O 2O-no' = cos g sin 0

e(i)co(t-7/e)

(2 1
a ]-) + 4

(f-2 sin 0 IV)
af _f2 sin 0 af

w 2

= (L-)2 - is (-=1-)2=
)

[ielle'

2 2

E9 = (4-1 Ile' = cos ?. cos 0

Er = = - (1211.' sin l-
c

irTIrl

(19)

(20)

(21)
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We observe that no radial components of intensity appear and that
the wave is transverse, which is an essential characteristic of a radia-
tion field in free space. We note, too, that the characteristic wave
impedance is the same as that of a plane wave in free space:'

Ee Er 1
r.-,_ = --=-=cµ

Hr He

The resultant intensities in space, E' and H', are

E' = VE82 + Er2
H' = VHe2 + Hr2.

For the purposes of our work with hollow -pipe radiators, however, the
horizontal and the vertical characteristics are desired, which are given
by the expressions

Horizontal characteristic (x, z plane; r =212),

= 377 ohms. (22)

Ee = 0,

2

Er = ,

CO2CHo - nut

Ilr = 0.

Vertical characteristic (x, y plane; =0),

w\2
Ee = II.' cos 0,

c

Er = 0,

He = 0

CO2O

Hr = - 11,' cos 0.

(23)

(24)

(25)

The absolute magnitudes of the functions Er of (24) and Ee of (25) are
the quantities that were measured in the experiments. They have been
written explicitly in (5) and (6).

Efforts have been made to calculate the radiation field in several
other ways. One way was to assume a fictitious current sheet
I =e(aE,/(80 across the open mouth and to integrate the radiation from
each elementary area of this sheet to obtain the resultant field at a
great distance from the pipe. This method does not give the factor
(cos 0+M), but otherwise leads to the above derived expressions. An-
other way was to calculate the electric field at a great distance from
the pipe by using E. from (1) directly in Huygens' principle. This
method gives the same values for the vertical and horizontal charac-
teristics (4) and (5), but it does not give the correct polarization; i.e.,
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the wave is not transverse. It appears to be almost impossible to com-
plete this latter calculation, and hence this method is to be avoided in
preference to the method presented above.'

This use of Huygens' principle with the Hertzian vector, which is
experimentally confirmed by these experiments, is a severe and un-
usual test, because the velocity of phase propagation is not the same
inside the pipe as it is in the same medium in the outer space, and also
because the aperture may be comparable to or even smaller than the
wavelength. Neither of these conditions is encountered in the usual
applications of Huygens' principle in optics.

9 An application of Huygens' principle to an ultra -short-wave radiation
problem has recently been made by Diamond and Dunmore° in connection with
the investigation of an underground antenna in a pit. It would appear that their
solution, derived from the electric intensity alone, and not from the Hertzian
vector or the vector and scalar potentials, should not give the correct polariza-
tion and pattern of the wave. An earlier application to parabolic reflectors was
made by Darbord."

io H. Diamond and F. W. Dunmore, "Experiments with underground ultra-
high -frequency antenna for airplane landing beam," Nat. Bur. Stand. Jour. Res.,
vol. 19 pp. 1-19; July, (1937). (Paper RP1006). Paoc. I.R.E., vol. 25, pp. 1542-
1560; December, (1937).

11 R. Darbord, "Reflecteurs et lignes de transmission pour ondes ultra-
courtes," L'Onde Elec., vol. 11, pp. 53-82; February, (1932).
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ELECTROMAGNETIC WAVES IN HOLLOW METAL TUBES
OF RECTANGULAR CROSS SECTION*

By
L. J. CHU AND W. L. BARROW

(Massachusetts Institute of Technology, Cambridge, Massachusetts)

Summary-The theory of the transmission of electromagnetic waves in hollow
conducting pipes of rectangular cross section is derived for perfectly conducting and
for imperfectly conducting materials. Special attention is given to the type of ware
that has only one transverse and everywhere parallel component of electric intensity,
and the results of experiments on this wave are reported. Expressions for the at-
tenuation of the different types of waves allow comparisons to be made with corre-
sponding waves in a pipe of circular cross section. In a rectangular pipe, no wave has
been found whose attenuation decreases indefinitely as the frequency is increased,
as does the H, wave in a circular pipe.

INTRODUCTION

A YLEIGH'S pioneer paper' dealing with the propagation of
electromagnetic waves through the inside of conducting tubes
or pipes is now forty years old. It assumed the most idealized

conditions of an infinitely long nonconducting cylinder of arbitrary
dielectric constant embedded in a perfectly conducting material; no
suggestion of a practical device was made, nor was the analysis capable
of predicting the behavior of realizable tubes. In two later patents re-
lating to transmission on a dielectric wire or rod, first proposed by
Hondros and Debye,2 a metal -sheathed dielectric' wire was described
in which the dielectric material has a value substantially greater than
that of air. It is only within the last year or so, however, following the
discovery that the losses in a conducting tube may be tremendously
reduced by making its interior hollow, i.e., of air, of gas, or evacuated,
that it has received serious consideration as a practical device of prob-
able importance in communications. At the present time there is an

 Decimal classification: R110. Original manuscript received by the Insti-tute, January 4, 1938. The calculations of the attenuation, including the equi-valent plane -wave forms, presented in this paper were made by L. J. Chu as apart of his doctor's thesis at M.I.T.
I Lord Rayleigh, "On the passage of electric waves through tubes, or the

vibrations of dielectric cylinders," Phil. Mag., vol. 43, pp. 125-132; February,(1897).
2 D. Hondros and P. Debye, "Elektromagnetische Wellen an dielektrischen

Drahten," Ann. der Phys., vol. 32, pp. 465-476; June, (1910).
3 British Patent No. 420,447; French Patent No. 757,972.
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active interest in the hollow -pipe system, stimulated by the expec-
tancy of its practical application to electrical communication. Follow-
ing the papers by Southworth,4 Carson, Mead and Schelkunoff,5 and
Barrow,' other papers7,8,9,10,11,12 have discussed further details of the
problem. The issuance of several patents'2 is an indication of possible
commercial applications.

The hollow pipe of rectangular cross section, with which this paper
deals, was discussed theoretically by Rayleigh' and by Brillouin7 for
an idealized conductor of infinite conductivity, and recently by Schel-
kunoff," to some extent, for actual finitely conducting pipes. In this
paper, the complete theory of transmission is derived without restric-
tion, in a manner intended to clarify its physical significance. In addi-
tion, certain experiments are reported and some of the practical as-
pects of the problem are discussed. A comparison is made of rectangu-
lar and circular cross-section pipes as to the attenuation, operating
frequencies, and application on the basis of equal cost.

In the interest of clarity, the paper has been divided into two parts,
the first dealing with the idealized case of conductors of infinite con-
ductivity and the second with the actual case of conductors of finite
conductivity. Special emphasis has been placed on a type of wave,
here termed the Hoj wave, that has the electric field intensity directed
parallel to the y axis and at right angles to the direction of propagation.
The mathematical analysis has been given in detail for this case only,
but the final results are presented for waves of other types and these
results are interpreted and compared with similar results for a circular
Pipe -

4 G. C. Southworth, "Hyper -frequency wave guides-general considerations
and experimental results," Bell Sys. Tech. Jour., vol. 15, pp. 284-309; April,
(1936).

' J. R. Carson, S. P. Mead, and S. A. Schelkunoff, "Hyper -frequency wave
guides-mathematical theory," Bell Sys. Tech. Jour., vol. 15, pp. 310-333; April,
(1936).

6 W. L. Barrow "Transmission of electromagnetic waves in hollow tubes of
metal," PROC. I.R.E., vol. 24, pp. 1298-1328; October, (1936).

2 Leon Brillouin, "Propagation d'ondes electromagnetiques dans un tuyan,"
Rev. Gen. de Elec., vol. 40, pp. 227-239; August, (1936).

° G. C. Southworth, "Some new forms of electrical transmission," Eng. Jour.
(Canada), vol. 20, pp. 186-190; April, (1937).

' G. C. Southworth, "Some fundamental experiments with wave guides,"
Paoc. I.R.E., vol. 25 pp. 807-822; July, 0937).

10 L. Page and N. I. Adams, Jr., "Electromagnetic waves in conducting
tubes," Phys. Rev., vol. 52, pp. 647-651; September, (1937).

11 G. C. Southworth, "New experimental methods applicable to ultra -short
waves," Jour. App. Phys., vol. 8, pp. 660-665; October, (1937).

12 British Patents: 462,804; 463,238; 464,185; 466,063; U. S. Patent,
2,088,749.

12 S. A. Schelkunoff, "Transmission Theory of plane electromagnetic
waves," PROC. I.R.E., vol. 25, pp. 1457-1492; November, (1937).
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PART I
PERFECTLY CONDUCTING RECTANGULAR PIPES

Fig. 1 represents a perspective sectional view of a hollow rectangu-
lar pipe or tube assumed to be so long that all end effects are negligible
and to have a wall thickness sufficiently great to prevent currents
from reaching the outside surface of the pipe. The inner dimensions
are y = a, z = 6 on the Cartesian co-ordinates x, y, z. The interior space

-0
$I

4.--- D Aar
I Non -conducting
1 interior - cu.

(Conducting wall

Fig. 1.

is characterized electrically by the dielectric constant el and permea-
bility pi and the pipe wall by the conductivity 02 and permeability
As. In this section of the paper, a2 will be assumed infinite, i.e., the pipe
will be assumed to be a perfect conductor. Based on practical applica-
tions, for which losses must be kept at a minimum value, a pipe filled
with air, a gas, or evacuated will receive principle attention; in this
case e1= eo, where eo applies to free space. A practical system of units
will be used in which

= electric field intensity in volts per centimeter.
= magnetic field intensity in amperes per square centimeter.

a= conductivity in mhos per centimeter.
µ = permeability in henrys per centimeter (for air, µ =i40= 47

X 10-').
e =dielectric constant in farads per centimeter (for air, e = ea=
10-"/367).

c=1/VT Loa= velocity of light in free space in centimeters per
second = 3 X 10'°.

The quantities E and t are real. For convenience in analysis, the com-
plex field intensities E and H will be employed throughout, but it
should be kept in mind that, in the end, the real part of E and H must
be taken. Furthermore, it is convenient to introduce the factor e-"+"
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into the field quantities to provide a wave traveling in the +x direc-
tion, and to denote the complex amplitudes by E and H we have

= real [E] = real [ffe-hz+
= real ELI = real [ffe-hz+1.1.

In these expressions, w and t have their usual significance, i=
and h = a +0 denotes the propagation constant in which a is the at-
tenuation constant and /3 is the phase constant. There will generally
be components of and 0 in the x, y, and z directions.

Previous papers have brought out the possible independent exist-
ence in perfectly conducting hollow pipes of two types of solutions
that differ by the presence or absence of an x component of either the
electric or the magnetic field intensity. In terms of their field compo-
nents, these two solutions are characterized as follows:

cll. = 0, E. 0 0
E H,, H.  nonzero

H waver. = 0, H. 0
H wave (2)

E, and H E, and H,, or E,, E., H,, H.  nonzero.

Solutions having the character of (1) may be interpreted as waves that
have a longitudinal component of electric field but no such component
of magnetic field, and solutions according to (2) lead to waves that have
a longitudinal component of magnetic field but no such component
of electric field. Rayleigh originally termed the phenomena associated
with (1) "oscillations of the first kind" and those associated with (2)
"oscillations of the second kind," but later workers have changed this
nomenclature, using definitions based on the configuration of the
electromagnetic field of the wave. At present, there are several different
and rather confusing designations in use. For example, the following
names and definitions, it is understood, are all intended to describe the
same type of wave:

Electric Wave (E0, Ei, ); "-because there is a component of electric
force in the direction of propagation"; Southworth, Bell Sys. Tech. Jour.,
vol. 15, p. 286 (1936).

E -wave (Eo, El, ); "-in which the axial component of magnetic force
is everywhere absent-"; Carson, Mead, and Schelkunoff, Bell. Sys. Tech. Jour.,
vol. 15, p. 313, (1936).

Longitudinal Wave; "-the field is describable by E., E and He"; Barrow,
PROC. I.R.E., vol. 24, p. 1302, (1936).

Transverse Magnetic Wave; "-if the magnetic vector is perpendicular to
the ray-" ("A ray is a straight line or curve normal to the equiphase sur-
faces;-"); Schelkunoff, PROC. I.R.E., vol. 25, p. 1458, (1937).

Obviously, careful definition and usage by workers in this field is neces-

E wave (1)
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sary if confusion is to be avoided, as was recently pointed out,'3 and
therefore we shall state clearly what terms we will use and what they
will mean.

While stating definitions for the hollow pipe, it is helpful to raise
several general considerations. Electromagnetic waves may be classi-
fied in several ways. One way is to classify them broadly according
to their field characteristics and without reference to the medium
(whether homogeneous, isotropic, etc.), to the disposition of the bound-
aries (whether a wave in unlimited space, a wave guided along a
half space, guided along wires, etc.) or to the nature of the boundaries
(whether conducting, nonconducting, etc.). Such a broad classification
is that introduced by Schelkunoff," and it is one that is admirably
suited to the purposes of mathematical analysis. The engineering side
of wave transmission is, however, much concerned with the material
aspects of the medium and of the disposition and nature of the bounda-
ries of the system, and from this standpoint a classification that con-
templates the shape and materials of the system along which the
waves are guided is also desirable. Consequently, we shall first form a
classification according to these characteristics and then define the
different types of waves in the hollow-pipe system according to the
configuration of their field patterns.

Physically realizable electromagnetic waves may be divided into
two major classes, viz, free waves and guided waves. The radiation from
a dipole in unlimited space is an example of the former class and waves
on a Lecher system illustrate the latter. The energy of free waves
spreads more or less in all directions in space, but that of a guided
wave is confined to the immediate vicinity of the guiding system.
The strength of free waves varies with the distance r as an inverse
power of r, for example, 1/r, but that of a guided wave varies as e-ar.
The rate of variation of the guided wave depends on a and may be
made arbitrarily small by suitably choosing the materials of the guid-
ing system. In this paper we are concerned with guided waves.

All waves that may be propagated within any hollow conducting
pipe or tube will be called hollow-pipe waves. By this designation, we
differentiate the electromagnetic phenomena associated with hollow-
pipe transmission from those effecting transmission over a solid con-
ducting cylinder or wire, which are well known as wire waves, and over
other wave -guiding systems. Thus, we may also speak of coaxial -con-
ductor waves and parallel -wire waves. It is probably because only one
type of wave occurs in these transmission systems in normal operation
that such a designation has not been generally used. Transmission
phenomena associated with a nonconducting dielectric cylinder have
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long been referred to as dielectric wire waves,2 and they are not the same
as hollow -pipe waves, since they have different field configurations
and obey different laws. This striking difference appears to be partly
obscured in several recent papers in which hollow conducting tubes and
solid dielectric cylinders are treated as if they were identical systems
and termed "wave guides." Furthermore, there appears to be no need
for this restricted use of the term "wave guide," because a single

wire, a parallel line, a concentric line, and even the earth's surface, are
just as much wave guides.

Any hollow -pipe wave having both a longitudinal and a transverse
component of electric field but only a transverse component of mag-
netic field will be called an E wave. Waves having components in ac-
cordance with (1) are thus E waves.

Any hollow -pipe wave having both a longitudinal and a transverse
component of magnetic field but only a transverse component of

electric field will be called an II wave. Waves in accordance with (2)

are II waves. These symbols were first used in this connection by Car-
son, Mead, and Schelkunoff.5

These definitions are based on the idealized case of perfectly con-
ducting pipes. It is convenient to apply them also to realizable metal
pipes, although strictly neither wave can exist alone in a finitely con-
ducting pipe. A further notation to supply information as to the shape
of the pipe cross section is not thought desirable. However, we shall
use subscripts to denote the harmonic order of the wave in each co-
ordinate, as will be explained later. Generally, there will be two sub-
scripts, although in special cases more may be necessary. In rectangu-
lar pipes, we need one for each side, hence we shall refer to E,,,, waves
and //., waves.

E... Waves

We desire the expressions for the field intensities, the critical fre-
quencies, the velocities of propagation and other pertinent quantities
for the E,, waves in perfectly conducting pipes of rectangular cross
section. The method of analysis may be found in Rayleigh' and subse-
quent publications and will not be repeated here. The field intensities
inside the pipe are given by the expressions

E. = A sin (lir y) sin (-mir
a

Ell = - A k12-+ h21 acos y sin - z) e- zi-uot
a
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h /maE, -
k12 hA b a b

A sin -y cos (-Mir z) e-hz+j4"
(4)

iweiH. = A sin -ay cosk12 ± hA b _ z)z-hz-Fi4ut
b

k12 +l hA
1

ar
(--

a

nr
b

)H, = A cos y sin -ze-hs+i"
H. = 0.

A is a constant denoting absolute magnitude and depends on the
excitation only. If n = 0, m= 0, all six components vanish, as also occurs
if n = 0, m =1 or n =1, m = 0; thus, there are no possible waves of the
types Eo,o, E0,1, or Ei,o. With n =1, m = 1, we obtain physically realiz-
able waves of the E1.1 type. They have the lowest critical frequency of
all E waves in rectangular pipes, but the lowest -order II wave has a
still lower value. Waves of E1,2, E2,1 and all higher -order types are
theoretically possible. Waves having complementary indexes, like 1, 2

- flECIMC Minna, ---MAGNETIC INTENSITY

Fig. 2-E1.1 wave.

and 2, 1 are alike except for their orientation in the pipe, and it is
sufficient to consider one of them. The index n simply indicates the
number of half sinusoids or maxima of the field intensity distribution
that is found along the y axis from 0 to a, and m indicates the similar
quantity along the z axis between 0 and b.

The configuration of the field in the E1,1 wave may be found by a
procedure similar to that used in an earlier paper," although the solu-
tion in the present case can be obtained in analytic form. The lines of
electric and of magnetic intensity are shown in Fig. 2 for a square
pipe (a= b).1 In a rectangular pipe (ab), the lines of force are bent
from the location shown so as to terminate orthogonally on the pipe
wall, but they retain the same general appearance. The E1,1 -wave con-
figuration is the unit from which all other E waves may be constructed
by a simple process like building a block house. For example, the E1,2
wave has a field structure resulting from two E1,1 waves being adja-

14 Page 1310 of reference 6.
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cently placed in one pipe, as illustrated in Fig. 3. Higher -order waves
are formed in an obvious manner. All of the lines of electric intensity
in an E1,1 wave terminate on the conducting wall of the pipe; however,
some of these lines in the E1,2 wave do not do so, being closed on them-
selves.

When the operating frequency is above the critical value, the
propagation constant is imaginary for perfectly conducting pipes,

- tlICTINC --- MAW III' INMISIrr

Fig. 3-E1.2 wave.

h=0, where /3 is the phase constant, and it may be obtained by an
application of the boundary conditions, giving

MT
k12 + h2 = (na -)2+ -) (5)

From the value of h from (5), one obtains the following quantities for
transmission by E waves in rectangular hollow pipes:

ar 2 mr 2

phase constant # =
a

critical frequency fo =
1

i/kn
\2 (7/1 2

2µ1E1 /a b

2critical wavelength Xo = 2/ V(-: ) + ) 2

2r
wavelength in pipe X =

(6)

phase velocity Vp

do) vi2
group velocity v, = -=

(113

-
coili Vp

We note that the product of the phase and group velocities equals the
square of the velocity vi of a free wave in a medium with the same
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constants as the inside of the pipe; or, if air is inside, ve vp=c2. The
critical frequency is lowest for the lowest -order wave and it increases
as either n or m is increased; i.e., as the order of the wave becomes
larger. It also increases as either dimension, a or b, is decreased. It may
be decreased by using a dielectric material inside the pipe that has a
large dielectric constant ei, but from the standpoint of obtaining low
attenuation, only air, a gas, or a vacuum appears to have practical
significance at the present time. Table I gives the first several critical
frequencies and wavelengths for the special case of an air -filled square
pipe for both E and H waves.

TABLE I
CRITICAL VALUES FOR AN AIR -PILLED SQUARE PIPE (a =b)

Wave type Critical frequency I.
in cycles

Critical wavelength X.
in centimeters

Hi and E,.,
IIo
Ha.. and El.,
H,,, and E,,,

IF,, and Et,s
IIm and E,,,
H.,

1.50 X1091/b
2.12 X1014/b
3.00 X10141/b
3.35 X1016/b
4.24 X100/b
4.50 X1010/6
4.74 X10111/b
5.41 X101/b
8.00 X1011/b

2.000 Xb
1.413X6
1.000 Xb
0.898 Xb
0.718 Xb
0.868 Xb
0.832X6
0.554 Xb
0.500 Xb

H,,,,, Waves

For the H waves according to (2), the field intensities inside a per-
fectly conducting pipe are found to be

nr mrH. = B cos (- y)cos (- z)e-hz4-4"
a b

h i MA
ii I, = B sin -y cos (- z)e-hx-""

k12 + h2 a a b

mi.H, = B h (mr) cos ern y) sin z)e-hz+i"
k12 + h2 b a b (7)

nr /ma
E, = B julti

COS (-- y sin -- z)e-hz+iwt
k12 + h2 b a b

&nil t mirE. = B sin -y cos (- z)e-hz+i"
k12 + h2 a a b

E. = 0.

B is a constant depending on the strength of excitation. If n = 0,
m=0, no wave is possible because all six components vanish. When
n = 0, m 0, one finds that H y= E, = E.= 0 and the number of field
components reduces to three, consequently all waves of the H0,,,, type



Chu and Barrow: Waves in Hollow Tubes 1529

are possible. The Ho, waves are characterized by the fact that the
electric field intensity is transverse to the direction of propagation and
is everywhere parallel to the y axis, because there is only one electric
component, E,. Several other features make this type of wave out -

S

POI T(,

TOP

- (ITC * C
- AVOW, C loortcsirr

Fig. 4-H0,1 wave.

11

standing in practical applications, as will be discussed later. Waves of
the type 1/13 and waves of all higher indexes are theoretically possible,
but the higher -order waves imply such enormous frequencies that their
practical application, even their realization, is doubtful.

I ( A.

Slot

A

- *MUM ;Mina,
--- MINIM INTINSITT

SIN PITY

Fig. 5-110,2 wave.

The field configuration of the H waves may be found in the custom-
ary manner. Fig. 4 shows the unusually simple pattern of the H0,1
wave in a square pipe. The transverse electric field has a sinusoidal
intensity distribution over the cross section in the z direction. It can be
excited by a length of straight current -carrying conductor placed trans-
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verse to the x axis and parallel to the pipe side, provided that the fre-
quency exceeds fo. Fig. 5 shows the configuration of the H0,2 wave in a
rectangular pipe. These figures show how the Ho,. waves, m >1, are
built up of units similar to the H0,1 wave. Fig. 6 shows the H1,1 wave,

TOP raw O. SECTION .-.'

flIC I. C ilyIthSorr m16renc orvisar

Fig. 6-H1,, wave.

which serves as a building unit for the H1,2 and all higher -order H
waves, as may be appreciated by a study of the pattern of the H1,2
wave shown in Fig. 7.

- orrtrisar opwarre trarrosirr

Fig. 7-H1,1 wave.

A determination of the expressions for 0, fo, Xo, ), v, and v, for the
H waves results in the expressions already given in (6) for the E waves.
Thus, the transmission quantities are identically the same for E and
II waves of the same order. The critical values fo and Xo for the lower-
order II waves in a square pipe are also given in Table I.

TERMINAL DEVICES FOR RECTANGULAR PIPES

Terminal devices for exciting or for receiving any of the hollow-
pipe waves in rectangular pipes can be constructed in the manner of
those illustrated in Figs. 8 to 13; the terminal devices in the figures
correspond to the waves illustrated in Figs. 2 to 7. The basic principle
in the construction is that a conducting rod, or rods, carrying current
of the proper frequency is disposed inside the pipe so as to coincide
with a line of electric intensity of the field pattern for the desired
wave, consideration being given to the phase of the currents when
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Fig. 8-E1,1 wave.
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two or more rods are employed. Obviously, exciting rods for H.,m
waves must be at right angles to the direction of propagation and those
for the En,, waves are preferably positioned along this direction. Oppo-
sitely directed arrows next to the rods indicate a relative phase angle
of the respective currents of 180 degrees. In these terminals, this phase
angle is provided by using appropriate lengths of coaxial line to feed
the rods, but other means could be used. The length of rods and their
distance from the conducting wall that closes the end of the pipe are

HOLLOW PIPE TERMINAL

EXCITING ROD

Fig. 10-H0,1 wave.

Fig 9-E1,2 wave.

Fig. 11-H0,2 wave.

Fig. 12-1/1.2 wave. Fig. 13-1/1,2 wave.

also important design quantities and should be properly adjusted in
each case; in fact, provision for adjustment is desirable, which may be
accomplished by plungers or by movable exciting rods. Parallel -wire
feed can be used when desired, or the vacuum tube, crystal detector,
or other device can be connected as a part of the rod and placed inside
the tube.

H0,1 Waves

As pointed out in the introduction, this type of wave possesses
such outstanding characteristics that it deserves further discussion.
First, it has the simplest configuration of all hollow -pipe waves, pos-
sessing only the one transverse component of electric intensity
second, it has the lowest critical frequency; and third, it has the small-
est attenuation, as will be shown later.
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The expressions for the Ho,i wave in an air -filled pipe may be
written as follows:

E. = Biwui(-) sin (1- z)e-432-"6"

= B cos 1--7r

b
H, = BO (-- sin -7r z e-i49x+iwg

7 b

H. = E. = E. = 0

(A, 2 2

0 =
c b

fo = c/2b

Xo = 2b

= xo/ - (-2'02

vp = 1/1 - (--X20 2

Vg = C4/1 - (--X2

5/2

where X. is the wavelength of the excitation in free space.

Fig. 14

(8)

The real electric field intensity q,,, and also the real displacement
current, is independent of y, but it varies sinusoidally in the x and z
directions. If we represent the value of by the vertical distance
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from a plane through the pipe, we get the surface shown in Fig. 14,
which further helps to visualize the H0,1 wave. In most of the other
waves, the field configuration is too complicated for such a representa-
tion.

When an open-ended rectangular pipe, or a flared rectangular horn
on the end of such a pipe, is used to radiate electromagnetic waves, it
may be assumed that this simple H0,, wave configuration produces a
displacement current sheet across the mouth of the pipe or horn that
has the current elements everywhere parallel to themselves. Since the
polarization of the component space waves radiated by each element
is the same, radiation will take place with maximum effectiveness. No
other type of hollow -pipe wave possesses this feature.

Fig. 15

The critical wavelength is given by the simple expression Xo = 2b.
This result is striking, because X0 depends only on the dimension of
one side of the pipe, namely, the dimension in the z direction at right
angles to the electric vector, and consequently the dimension of the
other or a side may be made arbitrarily small without altering the
critical values. For a given operating frequency, the rectangular pipe
with the Ho 0, wave may have a much smaller cross-sectional area and
contain less material than would be required with a circular or a square
pipe using any type of wave.

A complete experimental verificationg of the field pattern, the
critical wavelength, and the velocity of phase propagation of the Ho.,
wave has been made. Fig. 15 shows an experimental rectangular pipe
with sides a= 15 centimeters, b =50 centimeters. One section 2.44
meters long is shown, but other similar sections can be connected to-
gether to make a longer pipe. The dimension b can be changed by
moving the sides horizontally. The oscillator, visible at the right end

3 The authors wish to acknowledge their indebtedness to Mr. J. D. Parker
and to Mr. A. E. Whitcomb for their assistance in carrying out these experi-
ments as part of their thesis work at The Massachusetts Institute of Technology.
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of the photograph, was developed especially for this purpose. It com-
prises a Western Electric 316-A triode in a circuit with coaxial tuning
elements and it covers continuously the range from 40 to 125 centi-
meters. It was modulated at 60 cycles and connected to the exciting
rod inside the pipe by a coaxial line. The electric field intensity was
measured by a small probe with a crystal detector, followed by an
audio -frequency amplifier and a copper -oxide meter.

Other experiments have been made at wavelengths of about 12.5
centimeters with ordinary 2 X 3 inch rectangular galvanized -iron gutter
downspouting, which is cheap and readily obtainable, as the hollow
conductor. That there is no difficulty in transmitting waves around
bends has been demonstrated by using the regular 90 -degree elbows in
a hollow -pipe system of this kind. It was also interesting to observe
that transmission was not materially disturbed by separating the ends
of a joint by several centimeters.

A65 CM. PIPE LENOTH4.9 M.

40 30 20 10

DISTANCE IN CM. IN 1 -DIRECTION -

Fig. 16-H0,1 wave.
sine curve. 0 0 o in plane of the mouth.

 45 centimeters back from mouth.

Fig. 16 shows typical measurements of the distribution of electric
intensity 1y across the inside of the pipe. In this case, the pipe was
about 7.5 wavelengths long and measurements were made at various
distances back from the mouth and across the mouth. An approxi-
mately sinusoidal distribution was found, indicating that the distor-
tion of the wave, even at the mouth, was very small. However, when
the pipe was about 3.7 wavelengths long, appreciable deviations from
the sinusoidal distribution were observed that were greater in the vicin-
ity of the exciting rod than near the open end. It is clear that the pipe
must be at least several wavelengths long before the hollow -pipe waves
achieve their theoretical form. Fig. 17 shows measured values and the
theoretical curve for the wavelength in the pipe as a function of
the wavelength X, of the excitation in free space. The wavelength in
the pipe is greater than X., hence it follows that the phase velocity in

--
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the air -filled pipe is always greater than that of light, but, as seen in the
figure, the phase velocity approaches light velocity asymptotically as
X. becomes very small.
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Fig. 17-H0.1 wave.

The longitudinal current along the upper or lower half of the pipe
is found to be

90

I = f H,dz = 2Biti(-b-)2

A.

(9)

and the voltage between the top and bottom sides in the y direction at
the oenter of the pipe is

V = f a E,(-b)dy = iBwAiablr. (10)- 2
From the complex Poynting vector, we calculate the average power
flowing through the pipe

b
Sr =.1 i[EvXI s*]dA 11 I00.712113 (- ab, (11)

where the asterisk denotes the conjugate quantity. If I E.1 and IHs1
are held constant, the transmitted power increases directly with the
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cross-sectional area of the pipe. A characteristic impedance may be
defined in any of several ways, and each expression differs somewhat
from the others. On a power basis,' we get

Srwuor2a
Zo = = (12)/,2 8fib

but on a current -voltage basis

V wugra
Zo - -I 20 (13)

We may also define a quantity something like an impedance that is
characteristic of the particular wave type on a field intensity basis

E coiLi PicZo' = = = (14)H, M

where

M = 1 -
2b

For purposes of comparison, we note that the similar quantity for a
plane wave in free space is

E
Z' = -= µlc = 377 ohms

H (15)

and that Zo' approaches this value as the dimension b of the pipe is
made very large compared to the wavelength of the excitation X..

H°,1 Wave: Resolution into Elementary Waves

It is convenient for several purposes to change the expressions for
the Ho3 wave from their form (8) to an equivalent form in which this
wave appears as a superposition of two sets of ordinary plane waves
that are multiply reflected back and forth between the side walls of
the pipe. This resolution was first described by Brillouin,' to whom
the authors are indebted for the idea, and it has also been employed
by Page and Adams.'° The other types of waves may be resolved in
a similar manner, but we shall not reproduce such calculations in this
paper. This new form lends itself readily to physical picturization;
however, its particular importance here is that it provides a relatively
clear and straightforward way of calculating the attenuation in the
pipe.
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We start from the field expressions (8), but we rewrite them to cor-
respond to an x axis through the center of the pipe, as shown in Fig.
18,

Fig. 18

(-b cos (-7r z)

sin (-7r z

cos (--rz

(16)

Let us consider for a moment the E, component alone and, by using
the exponential form of the cosine, write it as

b\ 1
[eitodb),-0.1+iwe

7r ) 2
b 1\

(7 ) 2

e-i[0'108-1-11x1+iwe I

(17)

In (17), the two exponential terms I and II may be interpreted as two
component waves traveling in separate directions. The direction of the
first component wave I may be found from ((ir/b) z -0x) and the geo-
metric representation of Fig. 19 (a) to make the angle 0 with the x axis,
where

10 = tan-' -=
(ff)2- 1

(18)
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We next rotate the z, x axes through this angle 0 to the new directions
z', x', as illustrated in Fig. 19(b), so that x' will correspond to the direc-
tion of propagation of the first component ve. This rotation is ac -

Direction of
10 component
of wave

(a) (D)

H. /
/

H

/ NA 4/
148(04-N// /,H,") /

,./zzz,,,.6ez.ezz.tz, >7.r9r$/7)77/7 17777 ,

(C)

Fig. 19

complished by substituting for z and x the values

z = z' cos 0- x' sin 0
x = x' cos 0 ± z' sin 0,

whereupon we get for the component I
I = cif( reoe8/6-ftainO)e-(reineitr+09cose)e'll-iert.

Putting into this expression the values for cos 0 and sin 0 from Fig.
19(a) and the value of 0 from (8) leads to the expression

I = e-imcw+4". (20)

If we carry out a similar operation on the second component wave II,
and denote the new direction by z", which is rotated in the opposite
sense from x by the same angle 0, as indicated in Fig. 19(b) ,we obtain
an expression like (20) for the second component, viz,

II = e-i(40x"1-iwt. (21)

Equations (20) and (21) substituted in (17) give E. A similar resolu-
tion may also be carried out for H. and H.. In this way we obtain the
following modified expressions for the H0,1 wave:

(19)
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=
11 ei.,(_.(zw+g) 4- iBcoµ ---b -1 ei..,(-(x"io+8)

w 2 7 2
H. = [iBi]ej.(--.qc+) - (22)

2 7 2

first group second group

In this form, two groups of terms appear; the first group represents a
wave traveling in the x' direction, or from right to left when facing in
the x direction, and the second group represents a wave in the x"
direction, or from left to right. E, is transverse to both directions. We
shall show that in each group the magnetic field is also transverse.
Take the first group: Resolve H= into two components, one in the x'
direction and the other in a direction at right angles thereto, denoted
by //ice) and H. o...) respectively; treat H, in the same way; add the
like directed components (refer to Fig. 19(c)):

Hrw) H,(,') = 0
w

H=o -e) = H,. = [iB (-b) -1]
r c 2

(23)

Clearly, the magnetic field intensity is perpendicular to the x' direc-
tion, i.e., it is directed along the z' axis and we shall denote it by H,.,
as in (23). Thus, from the first group, we obtain the final expressions

H o,t E, = [iBcomi (-b) -
2
1 lo+t)

r

H,.
= [iB (-b) eo.c-ce 10+1)

c r 2

elementary wave

right to left

(23a)

and in an analogous manner from the second group, we get

H0,1 E = [iBonai (-b) eiwc-c."10)+1)r 2J

elementary wave
11," = iB -41 (-b

(23b)

)[
left to right c r 2

The expressions (23a) and (23b) are completely equivalent to (8).
Together, they describe an H0,1wave in an air -filled perfectly conducting
pipe, but in this form the H0,1 wave appears as a superposition of two
crisscross plane waves, which we shall term elementary waves, traveling
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at the normal velocity of light c and being reflected back and forth
between the two walls z = ± b/2. The wave (23a), representing a wave
traveling from right to left when facing the x direction, may be con-
sidered as striking the left-hand pipe wall at z= - b/2 at the angle of
incidence 0 and the wave (23b) may be considered as the wave reflected-

WWV **MO"
A. &A,II SAlia 0.

2 3 4 s 6

Fig. 20

7

from this surface at an angle 0 and traveling to the right. At the right-
hand wall, z= +b/2, the roles of the two waves are interchanged. In
subsequent paragraphs, we shall make use of this conception to calcu-
late the transmission loss. The curve relating the angle of incidence 0
and the ratio filo is shown in polar co-ordinates in Fig. 20 by the
heavy line. At the critical frequency f=fo, 0=90 degrees, and the ele-
mentary plane waves bounce back and forth from wall to wall without
advancing in the x direction. When f is just above fo in value, 0<90

Fig. 21

degrees and there is a slow progression in the x direction, as indicated
diagrammatically in Fig. 21. As the frequency f is increased, the angle
0 becomes less, reaching 20 degrees when f/f0=3.0, Fig. 21, etc. As
pointed out by Brillouin7 and by Page and Adams," this behavior of
the elementary waves makes beautifully clear the physical significance
of the critical frequency, of the group velocity which is less than c,
and of the phase velocity which is greater than c.

PART II
IMPERFECTLY CONDUCTING PIPES

Actually, with metal pipes, the conductivity is not infinite, as as-
sumed heretofore for simplicity, but it has a finite value that depends
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on the metal. There appears to be no chance of finding an exact solu-
tion when the conductivity is finite, because the boundary conditions
cannot be formally satisfied on the four sides of the rectangular pipe.
Nevertheless, we can obtain satisfactory approximate values for the
attenuation for any value of conductivity and of wavelength of practi-
cal importance.

As a first approximation, we shall assume that the field inside the
pipe is not appreciably distorted from its shape in a perfectly conduct-
ing pipe. This assumption is justified by the high conductivity of suit-
able metals and has been proved experimentally for rectangular pipes
(Fig. 16, for example), and for circular pipes 4'6 We are therefore able to
start with the previously given expressions for the field for the case of
perfect conductivity. We further simplify the problem by separately
calculating the losses on the two sets of opposite walls, ± a and ± b
respectively. While calculating the losses on either of the pairs of
walls, the effect of the two remaining walls will be neglected. The
problem is thus reduced to the study of waves between two parallel
conducting planes. Between two parallel planes, two types of waves
may exist independently; one type having the electric field and the
other type having the magnetic field parallel to the planes and per-
pendicular to the direction of propagation. All such waves have a
sinusoidal variation of field in the direction perpendicular to the planes.

All types of hollow -pipe waves in a rectangular pipe may be re-
solved into component waves each of which is one of the above types
of parallel -plane waves. In the preceding section, we have given the
resolution of the H0,1 wave :in detail. It was shown (23a,b) that this
wave may be resolved into two component waves, each of which has
the magnetic field parallel to the walls y = ± a/2 and perpendicular to
its new direction of propagation x' or x"; there was no harmonic space
variation between the walls. Without further analysis, one may see
that the electric field is parallel to the walls z = ± b/2 and perpendicular
to the original direction of propagation x; the space variation between
the walls has the form cos ((7/b) z).

The field expressions thus far derived must now be modified in
order to satisfy the boundary conditions appropriate to finitely con-
ducting walls. The modification can most conveniently and logically
be made if we start with the elementary wave form (23a,b).

Hoa Wave: Cakulation of Losses

The losses accompanying transmission by an H0,1 wave in an im-
perfectly conducting pipe may be divided into the two following com-
ponents:
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Loss I. Losses on the top and bottom walls, y = ± a/2.
Loss II. Losses on the two side walls, z = ± b/2.

We shall calculate these losses separately. The medium inside the pipe
is assumed to be a perfect nonconductor.

Loss I. Consider only the left -to -right elementary wave (23a) which
has the two field components E. and H... The imperfect conductivity
allows conduction current to flow into the walls, accompanied by a
tipping forward of the electric vector and, therefore, by the presence
of a second component of electric field E... To modify (23a) for the
case of imperfect conductivity, we use the solution of the wave equa-
tion between two parallel planes y = + a/2 for the magnetic field in-
tensity, H.., and obtain the two components of electric field intensity,
E. and E.., from Maxwell's equations, giving

cos (r.y)e-h2'x'-"" (24a)

in the -h.. -hz o b= - -I - -B - -1 cos (r,y)e-h<ve+1"(24b)
dielectric iwei iwe 2 c r

i w b
H..= -B - -

2 C 7

-1 aH., r, w b=- -=- -B - -1 sin (r,y)e-hve+4" (24c)
iwei ay iwei 2 c 7

where h.. 's the propagation constant in the x direction. The complex
quantities hz. and rr satisfy the relation

CO 2

h2,2 - ry2 = 0 ,

obtained by substituting (24a) into the wave equation. As will be
shown later, r. is a very small complex number that approaches zero
when the conductivity becomes infinite.

The velocity of propagation of the wave in the conductor in the
x' direction must be the same as that of the wave in the dielectric, and
therefore the constant hi. is the same for the metal as it is for the dielec-
tric. In accordance with the assumption that the pipe wall is so thick
that currents do not reach the outside surface, the wave in the metal
will have an exponential propagation in the y direction also; we denote
this propagation constant by h. The solution of the wave equation in
the metal will thus have the form

Cie-411-hvz' +1. 8

E. = - - Cie-Nal-hvx'+'"
0'2

Ex, = v clie-hrv-4,e+we

(25a)

a/2. (25b)

(25c)
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The constants h., and ht, are related by the equation

- iwiA2(72 hx,2 hy2 = 0

obtained by substituting (25a, b, or c) into the wave equation for the
metal. The quantity h1 has a value differing but little from its value
i(w/c) for perfect conductivity and hence it may be neglected compared
to icop202, giving the approximate value for by for high conductivities

1h Vic0µ20.2 =
V2

(1 + i)Vcom2cr2. (25d)

At the boundary y = a/2, the tangential components of E and of
H must be equal:

E... sir (a/2) = E.,, motai(a/2) I

He, air (a/2) = Hs', matai(a/2)f

and this condition gives the transcendental equations

neei 2

r i co b a hv- -B - ---1 sin (
2

ry -) = -
as

Cle-h.(012)
c r

[i w b a-B - ]cos Cry -) = Cie-h(a12)
2 c 7 2

(26a)

The value of r can be determined by taking the quotient of the two
equations and using the first term of the series expansionfor the tan-
gent, as follows:

( a by icuel
tan ry - - -

2
-= r cr2

r = ei("18)

It follows that

/
a

wec wAt2h., = i
a 2

4/-1 +
0-2 a 2cr2

(27)

Squaring (26a) and (26b) and using the relation cos2-1-sin2= 1 leads to
the following value for C1 for large values of cr2:

[i B eh(./2)
2 c 7 J i w b

= [- B - -16,(02). (28)r2 cthvwei\ 2

r,,a2 )
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The approximations made in arriving at (28) are justifiable for any
case of cr2 and w of practical interest; for example, with a copper pipe,
the expression is valid at X=0.3 centimeters. Substituting the value of
C1 from (28) into (25a, b, c), we get the desired expressions for the
field in the metal

in the

conductor

H

iw

cr2c

w b-B - He-hvoi-a12)-hve+iwt
2 c r

b[-i B - He--4(v-a12)-hvx"-""
2 c r

U41.2 CO b

- - -B - - e-hy(Y-0/2)-hve-Vicat
r2 2 c

(29a)

a
y

2
(29b)

(29c)

The energy flow into the metal per second per square centimeter of
surface is

b \2= 1[Ex,Xiis,41 I B 12 "42
27rc 2(72

The asterisk denotes the conjugate quantity. Since this energy loss is
independent of the co-ordinates, we can get the total loss per centi-
meter length in the x direction by multiplying by b. The resultant
value must be doubled to include the loss in the opposite wall. Now,
the above loss was caused by the left -to -right elementary wave alone;
an identical loss will result from the right -to -left elementary wave
(24b), so that we must again double the above expression."' Thus, we
have the total loss 81 on the top and bottom walls of the pipe per centimeter
length:

(
COb \ 2 4/04,22s 2b B12

27,c)gas

(30)

Loss II. In calculating the loss on the two side walls z = ± b/2, we
return to the unresolved form (16) of the 1/0.1 wave and note that the
field components are propagated in the x direction and vary sinusoid -
ally in the z direction, but are independent of the co-ordinatey. The po-
larization is such that the electric field is parallel to the walls z = ± b/2
and perpendicular to the direction of propagation x. The waves travel

It might at first appear that the sum of the losses from the two elementary
waves is not equal to the total loss, since generally the sum of the losses com-
puted from component fields is not equal to the loss computed from the re-
sultant field. It has been proved, however, that this equality is correct for the
average loss per centimeter of pipe length and hence that (30) really is the total
value of Loss I.
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along between the two side walls almost as if the top and bottom were
not there. Neglecting any distortion caused by the top and bottom
walls y = ± a/2, the field components of the wave appear as follows:

in the
dielectric

jaw!
B

z b/2.

(31a)

(31b)

= cos (r,z)e-h-xl-iwt
r,

H. = -B sin (r.z)e-h=r-""

= B cos (r,z)e-hsx+ital (31c)

Both the propagation constant in the z direction h= and the quantity
r, are complex numbers to be determined by the boundary conditions
and are subject to the condition

rw 2

hz2 - r,2 = 0.

The wave penetrates into the metal in the z direction in addition to
its motion in the x direction. Denoting the propagation constant in the
z direction by h the following solutions of Maxwell's equations must
represent the field in the conductor bounded by z = +b/2:

Ey =

- h,- C2e-h.z-hrz+imi
i0442

hz
H, = C2e-hsz-hxz+"

it412

z z b/2.

(32a)

(32b)

(32c)

A similar set of equations with h, replaced by -h, would represent
the field in the other side wall. The propagation constants h, and h=
are related by the equation

Or

- icom2.72 + h.2 + hz2 = 0

h. -VionI2cr2 (33)

since hz is approximately equal to i1/((.0/c)2- (7r/b)2 and is negligible
in this equation.

At the boundary z = +b/2, we must have

Ev, iz(b/2) = Ev...tal(b/2)

(b/2)
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which gives the transcendental equations

B - cos r, - =icupi b
C2e-hs(b12) (34a)

r, 2

B s.n r, - = -1-IL- c2e-hson)
b

i (
2 icolis

Dividing (34a) by (34b) and using the first term of the expansion for
the cotangent and the approximate value of h, gives

cot

(br -) =
iaih,

=
r b 214 b

A/
2;12)

r,
b Pi V Was tii V was I

h. = i 4/ (- - -) (1 - -V )
c i

21.12b
w 2

Ail was/

(0 b 12112\2 / 7 2

4 . _2
21"

/ 2

2bµ14,0'2 C b

When cr2 = GO , this expression will yield r, = r/b, the value for the non -
dissipative case. Solving (34a) and (34b) for C2 by eliminating the
trigonometric functions gives

Beh.(612)

C2 = "S B ehs(b12) (36)

'V
/1/7. 1/ /1/ /1/h 12i h.

2:0441 -I- icoAl2) _

because I h,l>> I r,I. Substituting (26) and (33) into (32) gives the ex-
pressions for the field in the conductor

in the

conductor

ks.7122

(34b)

(35)

(37a)

Hz = -B z > b/2. (37b)

H. = B
hz e-hc.-6/2)-42-fiwg (37c)

-0(4420.2

Neglecting the real part of h., the energy flow into the metal per
second per square centimeter on the surface z= +b/2 is

S = i[EXH.*1 = I B 12 112
0

E B V 20412y = _____ e-hs(z-b12)-lizz+iwt
01

e-112(s-b12)-hzr+icet
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This value is to be doubled and multiplied by a to get the total loss
per centimeter length in the x direction. Thus, we have for the total
loss SIr on the two side walls of the pipe per centimeter length:

SFr = alB12
V cops

2o2
(38)

H0,1 Wave: Attenuation

Using the values from (11), (30), and (38), the attenuation con-
stant a may now be calculated as follows:

1 power loss per centimeter of lengtha -
2 power transmitted through interior
1 Si + SKr

2 Sr
1 in" ID -1/2

a fo) fo)
= K  b-312

(1-f)2- 1 4/ (02 11

(39)

where K= V27µ2/caoll?, in nepers per centimeter. The first radical
depends only on the materials of which the pipe is constructed, the
second factor depends on the absolute magnitude of the side b, and the
bracketed factor depends only on the two ratios f/fo and b/a.

The attenuation is here expressed as the sum of two parts, namely,
the two terms in the brackets times the common factor, the first part
arising from the losses on the top and bottom walls and the second
part from losses on the two side walls; we shall call these two parts
al and an, respectively. Both components are infinite at the critical
frequency fo, but just above this frequency they become smaller very
rapidly as the frequency is increased. The first component au has a
minimum value at f/fo = f =1.73, but it rises again to increase as
the square root of the frequency for large values of f/fo. This part,
au, coming from the top and bottom walls, is responsible for an attenua-
tion that increases indefinitely with increasing frequency in any rec-
tangular pipe. The second term, an, has no minimum, but it continues
to decrease with increasing frequency, being proportional to t312 for
large values of f/fo. For values of filo greater than about .0, only the
component al is of consequence; i.e., most of the losses then take
place on the top and bottom walls y = ± a/2. When operating a rec-
tangular pipe in this range of frequencies, therefore, it is highly impor-
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tant to make the inner surface of its top and bottom walls of a material
of very high conductivity.

Perhaps the most reasonable comparison of rectangular pipes of
various forms of cross section is one in which the shape is changed,
keeping the periphery, and thus also the amount of metal used in the
construction and the cost, at some constant value. In this way, it has
been found that the optimum ratio of a/b, i.e., the value that gives the
minimum attenuation, is 1.18. The series of curves of a versus f repro-
duced in Fig. 22 shows this fact, as well as making clear the dependency
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1 1 I I I I I I I4 8 12 IS
Frequency in 10 cycles per sec.

Fig. 22-H0.1 wave in air -filled copper pipe for periphery
of 40 centimeters for different a/b ratios.

of the attenuation on a/b and on the frequency; the curves are for an
air -filled copper pipe having a periphery of 40 centimeters. It is note-
worthy, however, that the variation of a with a/b in the region between
about 1/2 and 2 is small, and consequently any ratio of a/b between
these limits results in an attenuation of almost the minimum value.
This finding indicates that small inaccuracies in the manufacture will
be inconsequential; we may also infer that this conclusion will apply
to circular pipes. For example, for a square pipe, a/b =1, the attenua-
tion is only 1 per cent greater than the minimum value; however, the
wavelength for minimum attenuation has increased by 17 per cent,
compared to its value for a/b =1.18. The choice of pipe shape is also
affected by the availability of suitable power sources at the high fre-
quencies required, and perhaps a ratio of a/b = 1/2 or even smaller, for
which the attenuation is higher than aimn but for which a much lower
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operating frequency is possible, may prove desirable in certain cases.
By flattening a square pipe of periphery 4b and critical wavelength
2b into the extreme shape, keeping its periphery constant, its critical
wavelength approaches the limiting value of 4b; i.e., it may be used at a
wavelength twice as long as that required for the square shape. If the
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Fig. 23-1/0,1 wave in air -filled copper pipe of optimum a/b ratio =1.18.

shape a/b is held constant, the attenuation varies as b-", according
to (35). By equating the derivative of (35) to zero, we find that the
value of Ph for minimum attenuation is

=f0 opt
4/3 (1- -I- -I) -1- ( )2+ 7 1- + 9 (40)

b 2 b b -4

For a square pipe, this ratio is 2.96, i.e., the minimum attenuation oc-
curs at a frequency about three times the critical frequency, but the
attenuation is almost the same over a tremendously wide frequency
band. This band width, as well as the value of (filo)opt, increases with
increasing a/b as seen in Fig. 22. Fig. 23 shows the variation with the
periphery of the minimum attenuation and the corresponding values
of optimum wavelength and critical wavelength for an air -filled copper
pipe of the best a/b ratio (1.18).
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Higher -Order Waves: Attenuation

Calcuation of the losses and the attenuation for waves of the E,,
and the types have been carried out along the same lines as those
just explained, namely, by resolving the general n,m wave type into
its equivalent elementary waves and treating the problem as though
these elementary waves were guided between infinite parallel planes.
The results of these calculations, which are rather involved, give the
following expressions for the attenuation constant:
Ho.m wave:

-1(÷
1312[

a= K b-312 Ana

H,,,m wave:

a = K b-312-Vm

V Goy_

hitn_11,\

b { 1+ (2f)2 b }(1;0)212+ { 1+ (2:)2 G)2 (÷)-112

Ei+ Ca -)2(:)21214 V (+0)2-1

[1+ (:)2CY1 (+0)212

[1+ (---a m)2 (12]3/4 (LfoY-1

. (41)

A separate expression is required for the Ho wave, because the one
for the H,, wave does not reduce to the correct value simply by sub-
stituting n = O. With this exception, these expressions agree exactly
with those given by Schelkunoff."

For a square pipe, a= b, with the same order of harmonic variation
in each of the two dimensions of the cross section, the attenuation con-
stants may be simplified as follows:



square

pipe,

n = m

1 in"
a =K 11-312V-m[-2-

fo/

V (D2- Gy-

[ (+0)3/2
a =K19-312-0-
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Ho,, wave:

//,,,,,,, wave:

L it/ Vf-0)2-1

C:)3/210
a = K b-312N/Tri-0

E, wave:

(÷)1
2

+
. b

i/ ("joy-
(42)

In general, the attenuation constant is inversely proportional to the
three -halves power of the linear dimensions of the tube and directly
proportional to the square root of the order of the harmonic variation.
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Fig. 24-For a square air -filled copper pipe a = b =10 centimeters.

For equal orders of harmonic variations, n = m, a square pipe gives
the minimum attenuation for both H and E waves, which fact is
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attributable to symmetry. In a square pipe, the H0,1 wave has a smaller
attenuation than does any other type of wave. In Fig. 24 are shown
curves of attenuation constant versus frequency for the three lowest -
order waves, 110,1, H1,1, and E1,1 in a square air -filled copper pipe, 10
centimeters on a side. The critical and optimum conditions for these
cases are given in Table II.

TABLE II
FOR A SQUARE AIR -FILLED COPPER PIPE, 10 CENTIMETERS ON A SIDE

Wave type Hid Hi., Eid

Critical frequency in cycles 1.50 X109 2.12 X109 2.12 X109

Frequency for minimum attenuation in cycles 4.44 X109 5.18 X109 3.87 X109

Minimum attenuation in decibels per mile 8.55 18.1 14.8

A study of the general expressions (41) discloses that there is no
wave in a realizable rectangular pipe whose attenuation continues to
decrease indefinitely with increasing frequency, as does that of the
Ho wave in a circular pipe as discovered by Carson, Mead, and Schel-
kunoff.5 However, a study of (41) for rectangular pipes shows that if
the ratio b/a approaches zero with b constant, that is, if the cross sec-
tion is made very long in the y direction, the attenuation of Ho,, and
H.,, waves approaches the same exceptional form as that of the afore-
said Ho wave and decreases indefinitely with increasing frequency.
For this degenerate case, the attenuation expression becomes

a = K b -312-07i
Cf/i0)-1/2

V (Irf0)2 -1

and for high values of f/fo> 1 it has the form
-3/2

a = Kb-312N/m
f-
fo

Although this limiting case cannot be/realized, it nevertheless has
a practical implication in that the flat portion of the attenuation curve
can be materially extended by employing a pipe with small b/a ratio,
or large a/b ratio, as is evident from the H0.1 wave from Fig. 23. The
anomalous behavior of the attenuation in this particular case can be
explained clearly with the aid of the conceptions already used in the
calculation of the attenuation. The losses on top and bottom walls of
the pipe are similar to those on a two -conductor transmission line, and
are caused, at high frequencies, by an alternating -current resistance



Chu and Barrow: Waves in Hollow Tubes 1553

that is proportional to VI, according to the usual skin -effect expression.
By making the dimension a very large, the effect of top and bottom
walls becomes very small and the wave acts like one multiply reflected
between two parallel planes, viz., the side -wall conductors. Here, how-
ever, the incident angle decreases indefinitely with increasing fre-
quency, resulting in a smaller number of reflections per unit length
and in less absorption per reflection, because grazing incidence is ap-
proached. Consequently, in the limit, an anomalous attenuation func-
tion results.

Comparison of Square and Circular Pipes

Before giving quantitative results, we wish to discuss certain con-
clusions drawn by Brillouin.7 In commenting on the Ho wave in a
circular pipe, he concludes that the exceptional inverse dependency of
its attenuation on the frequency is the result of perfect symmetry and,
therefore, that the linear superposition of an H0,, and an H,,0 wave in
a square pipe gives a resultant wave type corresponding to the Ho
wave and possessing a similar anomalous variation of attenuation with
frequency. We have investigated this matter analytically and are
forced to the opposite conclusion. Both the power loss, Sr+SH, in the
pipe walls and the power ST transmitted through the pipe are doubled
by the superposition of the two waves, hence the attenuation a =
(Sr+SH)/2Sr remains unchanged at the value for the Ho., wave. We
do not find any possible mode of transmission in a square or a rectangu-
lar pipe with an attenuation like that of the Ho wave.

Nevertheless, a certain instability of the Ho wave, predicted by
Brillouin and caused by an almost unavoidable departure of the shape
of the cross section of realizable pipes from that of an exact circle,
does seem to take place. In a separate investigation of the transmission
in pipes of elliptical cross section,'7 we have found that if a circular
pipe becomes only slightly elliptical the curve of attenuation versus
frequency for this wave will assume the general form (Fig. 24) that is
typical of hollow -pipe waves. Therefore the attenuation will go through
a minimum value and eventually increase with increasing frequency.

The expressions of attenuation constants for different types of
waves in a pipe of circular cross section have been presented by Carson,
Mead, and Schelkunoff" and for the Eo wave by Barrow.' Making use
of the nomenclature of this paper and rewriting these expressions in
terms of a square pipe b centimeters on a side that has the same pe-
riphery as the circular pipe gives

17 L. J. Chu, "Electromagnetic waves in elliptic hollow pipes of metal,"
Jour. App. Phys., vol. 9, pp. 583-591; September, (1938).
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E0 wave:

E1 wave:

H0 wave:

H1 wave :

a = K 31 2 (0 . 862)

a = K (1 . 087 )

a = Kb -10(1.087)

a = K b-312(0.753)

/2

(D3

1

(f\312.j",) 2.38 fii)

(.÷-Y-

(43)

We cannot compare the minimum attenuation of an Ho wave in a
circular pipe with that of any wave in a rectangular pipe, because,
theoretically at least, the attenuation of the Ho wave can be reduced
to an arbitrarily small value by the simple expedient of increasing the
frequency indefinitely. However, for other types of waves, the attenua-
tion in circular pipes passes through a minimum value. Table III shows
the relative magnitudes of the minimum obtainable attenuations, the
critical wavelengths, and the optimum wavelengths for waves in pipes
of circular and square cross sections of equal peripheries.

TABLE III
FOR AIR -FILLED PIPES OF EQUAL PERIPHERIES

Shape of Pipe Wave type
ceminiblii

Xs

--
b

km*
---
b

/21rµ§

coon*1/0.60

Circular

III 2.174 0.69

Es 1.20 1.662 0.96

B. 1.52 1.041 0.60

Square

H,,1 1.12 2.000 0.88

H,,, 2.38 1.414 0.58

14.1 1.92 1.414 0.82
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If a source were available with a wavelength of 0.69b, the optimum
value for the H1 wave, transmission could also be effected in the same
pipe with the Ho wave. However calculation shows that at this wave-
length the attenuation of the Ho wave is 42.5 per cent greater than that
of the H1 wave.

A study of these results leads to the following conclusions:
1. Any wave in a circular pipe has a smaller attenuation than does

the corresponding wave in a square pipe of the same periphery.
2. The H1 wave in a circular pipe has the smallest attenuation

obtainable in any pipe if the wavelength is not smaller than 0.69b.
Therefore, in the immediate future, and particularly when construc-

tional aspects are to be considered, it would appear that the H1 wave
in a circular pipe is the most promising one for hollow -pipe transmis-
sion over long distances. On the other hand, the H0.1 wave in a rec-
tangular pipe will, because of its appropriate field pattern, probably
find early application to radiation problems.

-+.--.111).111<11111.--+.
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CHARACTERISTICS OF THE IONOSPHERE AT
WASHINGTON, D. C., OCTOBER, 1938*

By
T. R. GILLILAND, S. S. KIRBY, AND N. SMITH

(National Bureau of Standards, Washington, D. C.)

ETA on the critical frequencies and virtual heights of the iono-
sphere layers during October are given in Fig. 1. Fig. 2 gives
the maximum frequencies which could be used for sky -wave

radio communication by way of the regular layers. As in September no
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Fig. 1-Virtual heights and critical frequencies of the ionosphere
layers, October, 1938.

* Decimal classification: R113.61. Original manuscript received by the Insti-tute, November 9, 1938. These reports have appeared monthly in the PROCEED-
INGS starting in vol. 25, September, (1937). See also vol. 25, pp. 823-840, July,
(1937). Publication approved by the Director of the National Bureau of Stand-ards of the U. S. Department of Commerce.
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well-defined Fi-layer critical frequencies were observed, except during
the ionosphere storm of October 7. The ionosphere storms and sudden
ionosphere disturbances are listed in Tables I and II, respectively.
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Fig. 2-Maximum usable frequencies for radio sky -wave transmission; averages
for October, 1938, for undisturbed days, for dependable transmission by
the regular F and F2 layers.

TABLE I
IONOSPHERE STORMS (APPROXIMATELY IN ORDER OF SEVERITY)

Date and hour,
E.S.T.

hp before
sunrise
(km)

Minimum
1; before
sunrise

(kc)

Noon fi 1
(kc)

Magnetic
character' Ionosphere

character,00.12
G.M.T.

12-24
G.M.T.

Oct.
7 (after 0300) 377 3900 6100 0.8 1.4 11
8 414 3500 about 10000 1.6 0.6 1

9 (until 0600) 318 4000 - 0.4 0.2 /

1 (after 2100) - - - 1.3 0.6
2 (until 1700) 338 4500 10600 0.4 0.2 1

26 326 4200 11200 0.8 0.9 1
27 (until 0600) 342 4100 - 1.0 0.9 4

1 (until 0500) 392 4000 - 1.3 0.6 1

For comparison:
Average for un-

disturbed days 281 4950 12900 0.2 0.3 0

American magnetic character figure, based on observations of seven observatories.
2 An estimate o the severity of the ionosphere storm at Washington on an arbitrary scale of 0 to 2,

the character 2 representing the most severe disturbance.
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TABLE II
SUDDEN IONOSPHERE DISTURBANCES

Date
1938

G.M.T.
Location of trans-
mitters recorded

Minimum
relative

intensity'Beginning of
fade-out End

Oct. 6 1450 1510 Ohio, Ontario, Mass. 0.1
10 1928 1943 Ohio, Maas., D. C. 0.1
14 1540 1558 Ohio, Maas., D. C. 0.0
15 1857 Ohio, Maas., D. C. 0.0
15 1920 1940 Ohio, Mass. 0.0

Ratio of received field intensi y during fade-out to average field intensity before and after; for
station W8XAL, 6060 kilocycles, 650 kilometers distant.

TABLE III
PERCENTAGE OF TIME FOR WHICH THE RATIO OPf onyx TO THE UNDISTURBED AVERAGE

EXCEEDED THE RATIOS AT HEAD OF COLUMNS

1730 to 0830, E.B.T.

Ratio of critical frequency to average 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Per cent of undisturbed time (369 hours) 100 100 100 100 92 50 8 0
Per cent of disturbed time (66 hours) 100 94 88 70 38 8 0 0
Per cent of total time (435 hours) 100 99 98 95 84 44 7 0

0830 to 1730, E ELT.1

Per cent of undisturbed time (27 hours) 100 100 100 100 100 52 11 0
Per cent of disturbed time (9 hours) 100 100 100 78

I

44 11 0 0
Per cent of total time (36 hours) 100 100 100 94 86 42 8 0

I Data for one day a week only (Wednesday), because during this part o the day the F critical
frequencies exceeded the limit of recorders which operated every day.

TABLE IV
SPORADIC E

APPROXIMATE UPPER LIMITS OF FREQUENCY OF THE STRONGER SPORADIC -E
REFLECTIONS AT VERTICAL INCIDENCE

Midnight to noon

Hour, E.B.T.

Date 00 01 02 03 04 05 06 07 08 09 10 11

Oct.
12 8 8 4.5
18 4.5 8 8 4.5
19 6 8 8
20 8 8 8 8 4.5 8 4.5
21 8 8 4.5 4.5

Noon to Midnight

Hour, E.S.T.

Date 12 13 14 15 16 17 18 19 20 21 22 23

Oct.
18 4.5 4.5 4.5 4.5 4.5 4.5 81
20 4.5 8 8 8
22 8 8
23 8 8 8
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In addition to the sudden ionosphere disturbances listed in Table
II, there was a prolonged period of low -layer absorption, with received
intensities falling slowly to zero and then rising again, from 1354 to
1700 G.M.T., October 16.

Data on the degree of departure during October of the F and F2
critical frequencies from the averages in Figs. 1 and 2 are given in
Table III. Information as to what time was disturbed is given in
Table I.

The days during which sporadic E -layer reflections were most
prevalent at Washington are listed in Table IV. The table shows the
approximate upper limits of frequency at which strong sporadic
E -layer reflections were observed at the hours listed. The observations
were nearly continuous at 4.5, 6, and 8 megacycles.

-.-411,-0.COIN.--4....
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BOOS REVIEWS

American Standards for Electrical Indicating Instruments. Published by Ameri-
can Standards Association, 29 West 39th St., New York, N. Y. 20 pages.
Price 40 cents.

Attention is directed to bulletin C-39 recently issued by the American
Standards Association on "Standards for Electrical Indicating Instruments"
which provides a common language for the various groups concerned with
measurements by defining the several types of instruments, and the terms and
expressions which are in general use. It specifies permissible temperature rise in
instrument windings, shunts, external resistors, and multipliers; length of shunt
leads; volt-ampere requirement for ammeters, voltmeters, wattmeters, etc.,
conditions under which instruments are tested with reference to voltage and
overload; damping for different instruments; and limitations for the many
"influences" which are now recognized. It is not implied that all of this is new
as much work of this character has been done previously by the American
Institute of Electrical Engineers but it does mean a wider acceptance of these
standards.

This bulletin is a result of the combined efforts of representatives of eleven
organizations serving on the A.S.A. Sectional Committee on Electrical Measuring
Instruments. The Institute of Radio Engineers participated through representa-
tion by Mr. F. H. Drake.

'H. M. TURNER

Engineering Electronics, by Donald G. Fink. McGraw-Hill Book Company,
330 West 42nd St., New York, N. Y. 292 pages plus 7-page index. Price
$3.50.

"This book has been written to meet the needs of the practicing engineer
who has a good foundation in electricity but who has no specific training in
electronic concepts and methods," and also "for the student who wishes to
orient himself in the field before undertaking advanced courses." The material
selected and the presentation seem to be well adapted for such introductory pur-
poses.

The material is divided into three sections, Physical Electronics, Electron
Tubes, and Electron -Tube Applications. The first section covers the physics of
free electrons in a vacuum, electron emission, and the gaseous discharge. The
second section covers the various types of thermionic high-vacuum and gas -
filled tubes, photosensitive tubes, electronic sources of light- and specialized
electron tubes, such as cathode-ray and electron -multiplier tubes. The emphasis
in this section is on methods of operation and operating characteristics rather
than on tube structure or practical design. The third section contains chapters
on elements of circuit theory, power -transformation circuits, communication
circuits, and industrial -control circuits. In this section, the tube is considered
only as a circuit element. Letter symbols and definitions are listed in appendixes.

 Yale University, New Haven, Conn.
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In any moderate -sized book essaying to cover so wide a field, the majority
of items must inevitably be treated very briefly and no reader will be entirely
satisfied with the exact distribution of emphasis chosen by an author. This book
will be subject to some criticism on this score but on the whole it is well balanced
and includes a goodly amount of practical detailed information.

The practicing radio engineer will be occasionally annoyed by a too gen-
eralized statement or by the simplifications and half truths that are probably
a necessary result of the galloping rate at which some of the subjects have to be
covered. One important laboratory will be surprised to learn that the oxide
emitter was neglected prior to 1920. An adequate bibliography is introduced at
the end of each chapter with references to standard treatises covering the items
touched on in this introductory survey. The author has wisely chosen to give
only brief space to historical aspects. The book is up to date in its references to
electronic devices and applications and quite inclusive.

Numerous useful tables and charts are provided. The problems at the end of
each chapter may be helpful when the book is used as a text book. There is a
good index. The organization of the material and the mechanical design are
excellent.

P. T. WEEKS

The Low Voltage Cathode Ray Tube and Its Applications, by G. Parr (Ediswan
Electric Co.) Chapman & Hall Ltd., London. 177 pages, 76 illustrations.
Price 10s 6d.

In experimental laboratories the world over the cathode-ray oscillograph
is rapidly becoming a useful, universal tool. This is especially, but not exclu-
sively, true of the electrical and radio laboratories. Mr. Parr, the author, realiz-
ing that instruction in cathode-ray television technique is needed, has written
this book. It covers the construction and operation of the tube itself, focusing,
and performance. This is followed by a chapter on Lissajous' figures, something
seldom used in modern oscillography today. In dealing with linear and other
time bases all of the well-known circuits are shown.

The author briefly mentions a number of applications of the cathode-ray
oscillograph to radio engineering, such as intermediate -frequency resonance
curves, modulation measurements, phase -shift measurements, dynamic valve
characteristics, power loss in dielectrics, observation of atmospherics, direction
finding, and the like. Industrial applications under the following topics are also
mentioned: resistance -pressure indicator, explosion meter, indicator diagrams,
hysteresis loops, cathautograph, electrocardiograph.

The concluding chapter is on television reproduction. This appears to be
the least interesting portion of the book, since none of the newer methods and
circuits used for television are shown.

The appendix gives some notes on photography of the cathode-ray oscillo-
graph trace and on television photography. A very good bibliography of 16 pages
completes the book.

tA. F. MURRAY

 Raytheon Production Corporation, Newton, Mass.
t Philo° Radio and Television Corporation, Philadelphia, Penna.
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Electron Optics in Television, by Maloff and Epstein. Published by McGraw-
Hill Book Company, 330 West 42nd St., New York, N. Y. 299 pages. Price
$3.50.

The authors, two researchers of the RCA Manufacturing Company, have
collected their writings on television subjects in this volume.

Television engineers will find that a large portion of the subject matter
has been published previously in PROCEEDINGS I.R.E., RCA Review, Electronics,
etc. Of course it is convenient to have these various papers collected between
two covers, and this book will doubtlessly find itself in many television libraries.

Chapter 1, describing the RCA television system, is composed of extracts
from RCA papers published during the past four years.

The portion of the book devoted to electron optics is of considerable
interest to the electronic engineer who previously has found most of the publica-
tions on this subject in German; for instance, "Geometrische Elektronenoptik"
by Briiche and Scherzer, 1934. Fundamental concepts are covered, followed by
the usual statements regarding electron emission and an analogy between
electron optics and light. As a background for the chapters to follow, motions
of electrons in electrostatic fields are treated mathematically. This, as well as
a discussion of electrostatic electron lenses, is in accord with usual accepted
ideas.

Engineers find real practical help in the next chapter where the authors show
calculations for electrostatic lenses in TCR (television cathode-ray) tubes.

Defects of the focusing system is informative and interesting to designers
of TCR tubes who wish the authors had gone far enough to work out the gun
tolerances permissible in order to produce a focused spot of satisfactorily
asymetrical aberration.

The magneto -static focusing section is rather brief. The inclusion of prac-
tical forms of magnetic lenses would be of value.

Electron guns, Chapter 9, is believed to be new material. It is filled with
actual design data, appreciated by the workers in this branch of electronics.

Chapter 10 relates to deflection of electron beams. The following chapter
describes luminescent screens, reporting some of the work done at RCA and
elsewhere. Classifications and characteristics of TCR tubes are covered; data
on projection tubes are included.

The title of Chapter 13 is "Accessories," meaning deflecting circuits or
time bases. The material, largely mathematical, is not of as much interest to the
TCR researcher as would have been a practical discussion of equipment, circuits,
and the like.

The book is written in a very easy -to -read style, with commendably few
errors. The illustrations are numerous and well -drawn.

A. F. MURRAY

Telecommunications-Economics and Regulation, by James M. Herring and
Gerald C. Gross. 544 pages (444 pages of text with 3 appendixes and index).
McGraw-Hill Book Company, New York and London, 1936. Price $5.00.

"Telecommunication: Any telegraph or telephone communication of signs,
signals, writings, images, and sounds of any nature, by wire, radio, or other sys-
tems or processes of electric or visual (semaphore) signalling."

 Philco Radio and Television Corporation, Philadelphia, Penna.
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This paragraph, taken by the authors from the international treaty on
communications now in effect, defines the somewhat unfamiliar term used as the
principal title of the book. The book covers a wide field. A communication engi-
neer is likely to find that while only certain chapters deal with his own specialty,
the other chapters are very informative as to related matters acquaintance with
which will broaden his view of the general subject.

Chapters I -IV are historical. They cover the development of the telegraph
industry, submarine telegraphy, the telephone industry, and radio, respectively.

Chapters V -VI II deal with various aspects, particularly the economics, of
present-day telephone and telegraph services-elements with which the engineer
has increasing need to become familiar. In Chapter V the authors discuss the
services from which the revenues of the communication industry are derived and
the nature of the expenditures which are involved in the conduct of these serv-
ices. In the case of the telegraph industry, for example, the authors emphasize
the important relation of salaries and wages, particularly with respect to collec-
tion and delivery of messages, to the total operating costs. The discussion of
radiotelegraph costs is brief; the authors point out that these facts are not a
matter of public record. In the discussion of telephone service it is pointed out,
among other things, that the expenditures for central offices (and to some ex-
tent for cables, poles, etc.) tend to increase faster than the number of subscribers,
on account of the switching requirements. The authors emphasize that in the
case of both telegraph service and telephone service operating costs are greatly
affected by the load factor; i.e., the distribution of message traffic during the
hours of the day.

Chapters IX to XIV relate to the history and practice of the regulatory
process-state, national, and international. Chapter IX refers to the beginning of
federal regulation in 1866 pursuant to certain provisions of the Post Roads Act.
This chapter includes a discussion of the jurisdiction and activities of the Inter-
state Commerce Commission and the regulation of communicaton services and
gives an unusually complete discussion of the authority of the President over the
landing and operating of submarine cables conferred by the Submarine Cable
Act approved May 27, 1921. Chapter X is a discussion of radio regulation begin-
ning with the Ship Act of 1910 and the Radio Act of 1912; the subsequent Radio
Act of 1927 necessitated by the advent of broadcasting is discussed in detail,
particularly the Davis amendment relating to the establishment of quotas for
broadcast facilities, which was enacted in 1928 and repealed in 1936. Chapter XI
discusses in detail the regulation, under the Radio Act of 1927, of radio com-
munication services other than broadcasting.

Chapter XV is a discussion of national policy with respect to communication
services. The authors point out that while the Communications Act of 1934 is an
expression of the view of Congress, that these services should be regulated in the
public interest, the Act leaves undecided many of the longstinding controversial
issues. The chapter continues with a discussion of a number of these issues, par-
ticularly those involved in broadcasting, such as the use of broadcasting for
education as against advertising, the censorship of programs, and the duplica-
tion of programs on clear channels. It is interesting that some of the problems
now actively under discussion are so new as not to be dealt with in this book,
notably the question, as to whether newspapers should be permitted to own
broadcast stations (certain statistics on newspaper ownership are given on page
107) and the problem of determining the price at which the sale of a broadcast
station may be permitted.
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In conclusion, the authors emphasize that while the Communications Act
will require amendment, both the Commission and the Congress should recog-
nize that regulation must be constructive as well as corrective.

Appendix A is a reprint of the Communications Act of 1934 (certain amend-
ments, particularly with respect to ship radio matters, have been enacted by
Congress since the printing of this book). Appendix B is a printing of the North
and Central American Regional Radio Agreement, which resulted from the
conference at Mexico City, July 10, 1933. Appendix C is a copy of certain pro-
visions of the International Convention for the Safety of Life at Sea which was
ratified by the U. S. Senate with certain reservations on June 19, 1936.

The book is replete with references to the sources from which the authors
have obtained statistics and other facts. It is a valuable reference book for the
worker in this field.

*LAURENS E. WHITTEMORE

Fernsehen, by Fritz Schroter. Published in German by Julius Springer, Berlin,
1937. 260 pages, 228 illustrations. Price 21 RM (cloth -bound).

The internationally known scientist, Dr. Schroter, has compiled in this
book eight chapters each written by a different German television expert. The
reader thus secures an excellent cross section of television development in Ger-
many. It is doubtful if the American television engineer will find any outstand-
ingly new material or ideas in this volume. However, it so completely covers
the German television field that it is valuable as a marker-a milestone-of
television progress up to 1937. Of course much has happened since then. Yearly
editions should be published (with English translations!).

The eight sections are as follows:

Development and Status of the Television Art, by Dr. Banneitz.
This outlines a typical television system, shows the effect of varying the

number of picture elements in a picture, mentions electron multipliers, delayed
film transmission, ultra -short-wave transmitters and their range, the concentric
cable, and the German telephone -television link.

The Physical Foundations, Possibilities and Limitations of Television Trans-
mission, by Dr. Schroter.

Mentioned in this section are the following subjects: the photocell, glow
lamps, light valves, scanning, resolution charts, and breadth -of -resonance curve.

Mechanical Scanning Systems and Synchronization, by Dr. Moller.
The latest German developments in mechanical scanning for film are de-

scribed.

Geometrical Electron'Optics, By Dr. Bruche.
We find mathematical and physical explanations of electron paths, lenses,

focusing, the electron microscope, and electron optics in television (including a
discussion of the types of American camera tubes).

The Cathode -Ray Tube in Television, by Dr. Knoll.
Both camera and picture tubes are discussed. Several photographs of good

375 -line television pictures are shown. Readers interested in patent background

 American Telephone and Telegraph Company, New York, N. Y.
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will find listed the early cathode -ray -tube workers: Braun (1897), Rosing (1907),
Campbell Swinton (1908), George (1929). Regarding pickup tubes, there is
shown on page 122, side by side, the Diekmann and Hell tube (1925) and the
Farnsworth tube (1927). Concerning the Iconoscope type the author says: "The
principle of storage of charges by means of multicellular arrangements was
originated by R. Round (ref. 74) (1926). The scanning of such an arranagement
by a cathode ray was first described by K. Tihanyi (ref. 75) (1928), the technical
solution was made by Zworykin (ref. 76)."

Television Broadcasting, by W. Buschbeck.
Ultra -high -frequency transmitter problems are treated, including modu-

lators, concentric cable, etc. Considerably more space than is justified is given to
"Neutralization."

Television Reception, by M. von Ardenne.
Ultra -high -frequency field strength and noise level are mentioned. The pic-

ture receiver, portion by portion, is analyzed. Photographs of German receivers
are shown.

The Large Picture Problem in Television, by Dr. Karolus.
The projection system which uses moving film between the picture tube and

the projection screen is shown, also the multichannel system, the Kerr cell, the
commutator method with a screen composed of many lamps, high -voltage
cathode-ray projection tubes. The latter have been highly perfected in Germany.

The bibliography is a very valuable part of the book.
*A. F. MURRAY

 Philco Radio and Television Corporation, Philadelphia, Penna.
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Marconi College of Wireless, Chelmsford, England.
21st and Northwestern, Indianapolis, Ind.
4524 Wrightwood Ave., Chicago, Ill.
Box 181, Delmar, N. Y.
125 1st Ave., Apt. 2 Salt Lake City, Utah.
R.R. 2 Crawfordsville, Ind.
4755 N. Beacon St., Chicago, Ill.
4 East 28th St., New York, N. Y.
1410 Yarmouth Ave., Cincinnati, Ohio.
629 W. 115th St., New York, N. Y.
5728 flasks, St., St. Louis, Mo.
A. C. U. S. Army, Maxwell Field, Ala.
Rini Brother, 5027 Hamilton Ave., Detroit, Mich.
1758 E. 95th St., Chicago, Ill.
229 Warren Sq, Bethlehem, Pa.
Radio Station WIS., Columbia, 8. C.
1527 S. Armstrong St., Kokomo, Ind.
36 West 4th St., Emporium, Pa.
330 I Ave., Coronado, Calif.
616 Elkins Ave., Elkins Park, Ill.
94 Baxter St., Buffalo, N. Y.
Marconi College, Chelmsford, Essex. England.
4702 Maple Ave., Washington, D. C.
3246 -36th St., Seattle, Wash.
14 Cleverly Hall, Cambridge, Mass.
85 Baxter St., Buffalo, N. Y.
1276 Bonnieview Ave., Lakewood, Ohio.
400 Cottonwood Ave., Ellis, Kan.
Ardel Road, Fleetwood Knolls, Bronxville, N. Y.
88 Beulah Hill, Upper Norwood, London, S.E.19, England.
0/0 Wayne Miller, Engineering Bldg., Suite 200, Chicago, Ill.
Engineering Department, Deloo Radio DivisiOn, Kokomo, Ind.
238 Marion Ave., Haddonfield, N. J.
819 Mifflin Ave., Wilkinsburg, Pa.
36 -14 -165th St., Flushing, N. 'Y.
Schlumberger Well Surveying Corp., Nixon Bldg., Corpus Christi,

Texas.
36 Kenwood Terrace Springfield, Mass.
National Tsing Hua University, Peiping, China.
527 N.W. 34th St., Miami, Fla.
5736 Midway Park, Chicago, Ill.
John M. Kaar Engineering Co., 439 Florence St., Palo Alto, Calif.
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Kimball, Harry R.
Knox, Martin E.
Kouchnerkavich, Thomas A.

Lee, S. M.

Levering, Charles A.
Linklater, Thomas B.
Madsen, Carl J.
McDowell, Lawrence W.
McLaughlin, Harry
McPherson, Howard
Metoyer, Valery G., Jr.
Miller, Charles E.
Miller, Frederick A.
Miller, Wayne
Moore, Wm. P.
Munge, S. W.

Murray, Donald A.
Murrough, John P.
Myers, Cyril
Neelon, W. J.
Neiman, William E.
Nevitt, Henry J. B.
Pachano, Pedro I.
Pack, Arthur C.
Perry, William A.
Phair, Robert S.
Pollei, Donald
Potts, E. P.
Quinn, Clark E.
Rainwater, Brown V.
Robinson, William A., Jr.

RRodgers, aymond W., Jr.
Ross, Cecil C.
Ryan, Charles E.
Rydbeck, Olof E. H.
Scofield Philip F.
Scott,Howard M.
Seeman, William F.
Shaw, Howard B., Jr.
Shepard, Leo
Sholkin, Arcady N.
Stara, Clarence E.
Stewart, Frederick F.
Sumpter, Paul B.
Sutherland, Edgar F.
Taylor, Hugh S.
Teaf, John H.
Trimble, Cebern B.
Troutbeck, Wilfrid H.
Volk, Joseph A.
Wallace, John T.
Wang, Shan -Wei
Wang Twen-Shang
Weil, 'William S., Jr.
Wisegarver, Orton H.
Wolf, Boyd A.
Wray, William C.
Wyatt, Norvell R.
Yakovlev, A. A.
Yokels, H. E.
Yunker, Edwin A.

3843 Goldwyn Ter. Culver City, Calif.
4203 -5th Ave., South, Minneapolis, Minn.
Bureau of Air Commerce, Dept. of Commerce, Rm. 5422, Washington,

D. C.
e/o Sherman Lee, Shanghai Telephone Co., 480 Fokien Road, Shang-

hai, China.
109 N. Lyon St., Santa Ana, Calif.
257 Dalhousie St., Apt. 4, Ottawa, Ont., Canada.
69 Osborne Terrace, Springfield, Mass.
152 St. Joseph Ave., Long Beach, Calif.
50 Cerritos Ave., San Francisco, Calif.
200 W. South St., Angola, Ind.
1621 Central St., Kansas City, Mo.
358 S. Cochran Ave., Los Angeles, Calif.
10778 Capistrano Ave., Lynwood, Calif.
Suite 200, The Engineering Building, Chicago, Ill.
619 E. Hillsboro Ave., Apt. 5, Tampa, Fla.
Chicago Telephone and Radio Co., Ltd., 25 Chowringbee Rd., Cal-

cutta, India.
A1-7725 North Sheridan Rd., Chicago, Ill.
2, The Avenue, Bedford Park, London, W.4, England.

Walmer Court, Bok St., Johannesburg, South Africa.
715 Amherst St., Buffalo, N. Y.
4080 Elbertson St., Elmhurst, L. I., N. Y.
39 Blvd. St. Joseph, Dorval, 1'. Q., Canada.
Ave. Norte 23'1, No. 25, Caracas, Venezuela, S. A.
652 Hillsdale Ave., East, Toronto, Ont., Canada.
383 Kings Highway, Westport, Conn.
76 Park St., Lynn, Maas.
University of Minn., Box 379 Pioneer Hall, Minneapolis, Minn.
54 Chasm Road, Sutton, Surrey, England.
2025 Atkins Ave., Lakewood, Ohio.
Edson Hotel, Beaumont, Texas.
1854 Irving St., N.W., Washington, D. C.
Elizabeth Cateret Hotel, Elizabeth, N. J.
3326 Burlingdell Ave., Dallas, Texas.
890 Park Ave., New York, N. Y.
Lundgrenagatan 4, Goteborg, Sweden.
108 S. Harrison St., East Orange, N. J.
513 West 4th St., Willmar, Minn.
Solar Radio Corporation, 91 North Drive, Buffalo, N. Y.
482 State Capitol Bldg., Charleston, W. Va.
14228 Friar St., Van Nuys, Calif.
R.C.A. Communications, Inc., 66 Broad St., New York, N. Y.
ci/o R.C.A. Radiotron Co., 415 S. 5th St., Harrison, N. J.
5403 Willows Ave., Philadelphia, Pa.
102 Sunset Ave., North Arlington, N. J.
152 Merion Ave., Haddonfield, N. J.
2332 Bryant Ave., Evanston, Ill.
512 S. Washington Ave., Moorestown, N. J.
319 E. Jefferson St., Fort Wayne, Ind.
3 Mitre House, King's Road, London, S.W.3, England.
8353 Stratford, St. Louis, Mo.
4705 N. Artesian Ave., Chicago, Ill.
Marconi School, Chelmsford, Essex, England.
190-9 Yenping Rd., Shanghai, China.
8814 McCallum St., Philadelphia, Pa.
Hotel Mayfair, Kansas City, Mo.
Oakridge, Oregon.
4723 Kenwood Ave., Chicago, Ill.
Bliss Electrical School, Box 43, Washington, D. C.
Olginskais 12, App. 19, Leningrad 21, Leanoi, U.S.S.R.
Box 111, Inverness, Calif.
721 Columbia St., Palo Alto, Calif.

>
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Don't play for pennies-and lose dollars! You can't save

much on condensers alone. Taking a chance on less ca-

pacity, lower working voltage, brand name-you may cut

down costs a trifle. But very likely at heavy cost later.

If you really seek cost reduction-in dollars, first and last-

take advantage of A. A. E. (Aerovox Application Engineering:.

Have your condenser requirements considered in terms of

your ENTIRE assembly, including ALL related components.

Let experienced Aerovox engineers work out substantial sav-

ings-without future headaches.  Make us prove it.

AEROVOX CORPORATION
70 WASHINGTON STREET, BROOKLYN. N. Y.



Bringing a new concept of quality, performance. control and universality ...

When writing to advertisers mention of the PROCEED] GS will be mutually helpful.
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12-38

The 3notitute of Rabic) engineero
Incorporated

330 West 42nd Street, New York, N.Y.
APPLICATION FOR ASSOCIATE MEMBERSHIP

(Application forms for other grades of membership are obtainable from the
Institute)

To the Board of Directors
Gentlemen:

I hereby make application for Associate membership in the Institute of Radio
Engineers on the basis of my training and professional experience given herewith,
and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if elected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City and State)

Sponsors
(Signature of references not required here)

Mr. Mr.

Address Address

City and State City and State

Mr.

Address

City and State

The following extracts from the Constitution govern applications for admission to the
Institute in the Associate grade:

ARTICLE II-MEMBERSHIP
Sec. 1: The membership of the Institute shall consist of:    (c) Associates, who shall be

entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V.  

Sec. 4. An Associate shall be not less than twenty-one years of age and shall be a person who
is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE III-ADMISSION AND EXPULSIONS
Sec. 2:    Applicants shall give references to members of the Institute as follows:    for

the grade of Associate, to three Fellows, Members, or Associates;    Each applicatior for
admission shall embody a full record of the general technical education of the
applicant and of his professional career.

ARTICLE IV-ENTRANCE FEE AND DUES
Sec. I:   Entrance fee for the Associate grade of membership is $3.00 and annual dues

are $6.00.

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION

XIII



(Typewriting preferred in filling in this form) No._ _-
RECORD OF TRAINING AND PROFESSIONAL

EXPERIENCE

Name
(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Permanent Home Address

Place of Birth Date of Birth Age

Education

Degree
(College) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient

Receipt Acknowledged Elected Deferred

Grade Advised of Election This Record Filed

XIV



POSITIONS OPEN
The following positions of interest to I.R.E. members have been reported as open
on December I. Make your application in writing and address it to

Box No.
THE INSTITUTE OF RADIO ENGINEERS, INC.,

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

RECEIVER ENGINEERS

RADIO BROADCAST receiver engineer having formal technical
education and several years of practical experience in all phases of
receiver design wanted by large Chicago manufacturer. Our present
staff knows of this opening. Box No. 190.
EXPERIENCED AUTO and household radio engineers, and me-
chanical designers wanted. Technical training and actual design
experience required. Colonial Radio Corporation, 254 Rano Street,
Buffalo, N.Y.

BROADCAST EXPERIENCE

JUNIOR RADIO ENGINEER wanted for permanent position near
Washington, D.C. Must be university graduate, good mathematician
and draftsman. Prefer single young man with some experience in
broadcast work on antennas, transmission lines and field -intensity
surveys. Necessary to travel considerably ; expenses will be allowed.
State details of qualifications, references, and salary required. Box
No. 191.

ATTENTION EMPLOYERS . .

Announcements for "POSITIONS OPEN" are accepted with-
out charge from employers offering salaried employment
of engineering grade to I.R.E. members. Please supply
complete information and indicate which details should
be treated as confidential. Address: "PosmoNs OPEN,"
Institute of Radio Engineers, 330 West 42nd Street, New
York, N.Y.

The Institute rese,,es the right to refuse any announcement without giving a reason for the refusal.

writinq t, advertisers mention of tine PR, WEFDT NGS will f e mutually helpful.
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ENGINEERING DIRECTORY

PRACTICAL RADIO
ENGINEERING

One year Residence Course
Advanced Home Study Course
Combined Home Study -Residence

Course

Write for details

Capitol Radio Engineering
Institute

Washington, D.C.

CONSULTANTS AND
DESIGNERS

including
Amplifiers Antennas Transmitters

Receivers Laboratory Equipment
Special equipment designed

and constructed

RADIO DEVELOPMENT &
RESEARCH CORP.

145 West 45th Street, New York, N.Y.
Tel. BRyant 9-6898

QUARTZ CRYSTALS
for Standard or Special

Radio Frequency Applications

Write for Catalog

BLILEY ELECTRIC CO.
230 Union Station Bldg.

ERIE, PENNA.

Cathode Ray Tubes
and Associated

Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DU MONT
LABORATORIES

PASSAIC, N.J.

BRUNSON S. McCUTCHEN
and

CHARLES B. AIKEN
Consulting Engineers

Technical cooperation with Attorneys in
connection with patent litigation-De-
sign and Development work-Audio and
radio frequency measurements-Equip-
ment studies-Receiver and transmitter
problems-A well equipped laboratory.

75 West Street Telephone
New York City WHitehall 4-7275

MADISON CAWEIN
Consultant in Television Problems

Design and Construction of
Television Receiver Test Equipment
Television Tube Test Equipment

Special Oscilloscopea
Television Receivers

Studio Transmitter Equipment

17 Beachwood Ave., Manhasset, N.Y.
Manhasset 1361M

INDEX TO
ADVERTISEMENTS

A
Aerovox Corporation XI
American Telephone & Tele-

graph Co. XVII

C

Cornell-Dubilier Electric
Corp. XVIII

E

Erie Resistor Corporation ....
Cover III

G

General Radio Company Cover IV

W
Western Electric Company ...XII

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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This very hour, millions of words are being spoken by
telephone. Friend talks to friend and two lives are
happier because of it.

Greetings and best wishes are exchanged-holiday
visits arranged-affairs of business transacted. A doctor
comes quickly in answer to a hurried call.

And day and night, the country over, these oft -
repeated words reflect the value of the telephone . . .

"I'm glad you called."

BELL TELEPHONE SYSTEM

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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wax impregnated

metal shielded

TUC - oil filled

ON - metal case - wax filled
DY - dykanol filled

TQ - dykanol cylindrical X-mitting un

TLA - dykanol cylindrical filter units

dykanol rectangular filter units

t 1W -3L -5W small, compact, efficient

t\RED
'°p0

"\ISv test

WONG
&

ANSWIIMG

TYPES 4

Noitokl.ovocic,

TYPE

t4ER

stable capacity mica capacitor

TYPES 40

50 to 59
Literature on Request

Cornell-Dubilier Electric Corp.
South Plainfield, New Jersey



For

Frequency Drift

with
ERIE

CERAMICONS
These ceramic dielectric condensers with sil-
ver plates in intimate contact can be used
to directly compensate for reactance changes
in oscillator zircuits. Single insulated units
are made up to 375 mmf with highest nega-
tive temperature coefficient (.00068/°C), up
to 80 mmf wish zero temperature coefficient
and up to 65 mmf with highest positive tem-
perature coefficient (.00012/°C.). Nosi-irsu-
lated units of the same respective tempera-
ture coefficierts are made up to 1,000, 250
and 190 mmf.
I. RANGE: I to 1,000 mmf as noted above.
2. RATING; 530 volts D.C. Tested at 1,150
volts A.C.

3. POWER FACTOR: From .06% to .0`%, at
1500 kc, depending on temperature coeffi-

cient.

4. STABILITY: Practically unaffected ty al-
ternate heatirg and cooling. Change less
than 0.1% after 100 hours at 100% retatve
humidity at 40°C.
6. TEMPERATL'RE COEFFICIENT:. Defin te,
linear and recroducable. Furnished with any
desired coffizient between -.00063 to
-I-.00012/°C.

Write for fully descriptive literature

ERIE RESISTOR CORPORATION
ERIE, PA.

ECERAUCEONS

Condenser
Frequency Drift

ERIE
SILVER -MICA
CONDENSERS
These mica die.=tric condensers with silver
plates in intimate contact are designed for
use in place cf ordinary mica condensers
to prevent frequency drfft. Because their
temperature coefficient is only +.000025/°C
or less, and since they can be supplied with
tolerances as low as ±1%, Erie Silver -Micas
will keep the frzquency inc'ependent of tem-
perature in turvi circuits. where the other
elements are sable.

I. RANGE: 15 mmf to 2580 mmf.

2. RATING: SOG volts D.0 Tested at 1,150
volts A.C.

3. POWER FACTOR: Les than .04% at
1500 kc.

4. STABILITY: Practically Jnaffected by al-
ternate heating and coating. Change less
than 0.1% after 100 hours at 100% relative
humidity at 40°:

S. TEMPERATUFE COEFFKIENT: +.000025
/`C. or less.

Write for /oily descr'ftive literature

ERIE RESISTOR COF:PORATION
ERIE, PA.

ERIE
SILVER MICA
CONDENSERS



NEW LOGARITHMIC AIR CONDENSERS
IN RESPONSE to many requests from users of General Radio equipment, we are

now making available the logarithmic tuning condeters used in our beat -frequency
oscillators, standard -signal generator and modulated ruminator.

The Type 739-A Condenser (illustrated) is used in the G -R Type 713-11 and Type
700-A Beat -Frequency Oscillators. With this condenser set at minimum capacitance,
sufficient capacitance should be added in parallel to make the effective zero capacitance
of the condenser, tube and associated circuit 1720 When this is done and the
frequencies of the fixed and variable oscillators re made the same with the Type 739-A
set at its minimum capacitance, the beat frequency will vary logarithmically with dial
setting over approximately 250 degrees.

The Type 739-B Condenser is used in a tuned -Circuit radio -frequency oscillator,
With the effective zero eapacItance exactly one -tenth the maximum capacitance, the effec-
tive frequency range is V10, covered by  dial rotation of 165 degrees.

Both of these condensers are rated at 500 volts, peak; they re of low -loss con-
struction with two Isolantite sections supporting the stator from the cast aluminum
frame. The rotors are mounted In ball bearings and grounded to the frame.

Price, Type 739-A or Type 739-B Logarithmic Air Condenser. .$28.00

 Write For Bulletin 316 For Complete Data

GENERAL RADIO COMPANY
Cambridge, Massachusetts

New York Los Angeles
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