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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 theWireless Institute. Its headquarters were established in New York City
and the membership has grown from less than fifty members at the start
to several thousand.

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

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

PROCEEDINGS are views of the individual members to whom they are credited,and are not binding on the membership of the Institute as a whole. Paperssubmitted to the Institute for publication shall be .regarded as no longerconfidential.

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

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

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

Published monthly by
THE INSTITUTE OF RADIO ENGINEERS, INC.

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

Harold P. Westman, Secretary
330 West 42nd Street, New York, N. Y.
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Chicago, 4136 Washington Blvd. Cantonwine, C. R.
Cedar Rapids, 439 -36th St. N.E. Smith, M. S.
Milton, Blue Hill Observatory Pear, C. B., Jr.
Joplin, 1409 Roosevelt Ave. Stark, R.J.
Boonton, 81 Dixon Ave Cook, L.
Camden, RCA Manufacturing Co., Inc., 15-2 Van Dyke, W. D.
Astoria, L. I., 21 -24 -31st St. Brady, W.
New York, 11 Dominick St. Baxter, D. C.
New York, 395 Broome St.. Brunn, R.
Poughkeepsie, Vassar College Northrup, P. A.
Cincinnati, 5024 Oberlin Blvd. Foster, A. P.
Cleveland, 1701 W. 25th St. Plakadis, A.
Emporium, o/o Hygrade Sylvania Corp. Fink, G. A.
Emporium, Ostrum, S.
Emporium, Hotel Warner Ottemiller, W. H.
Narberth, 5 Windsor Ave Brazee, G.
Ridgway, P. 0. Box 64 Deichman, G. A.

Argentina Buenos Aires, San Juan 2878-3. p. Benjamin, M.
Canada Dartmouth, N. S., Royal Canadian Air Force Carter, R. D.

Toronto, Ont., 130 Galley Ave. Linton, W. R.
England Bodmin, Cornwall, 8 Beacon Hill Wills, R. J.

Chelmsford, Essex, 10 Highfield Rd.. Wells, W. J. M.
Croydon, Surrey, 38 Temple Rd.. Drewry, E. R.
Northolt, Middlesex, 14 Kingsmead Dr. Singh, W. K.
Romiley, Cheshire, The Oaks Williams, F. C.

Estonia Tallinn, Reimanni 9 Work, H. R.
Hungary Budapest, VI, Podmaniczky ucca 12 Czegledy, G. A.
India Apollo Bunder, Bombay, c/o I.R.C.C. Co., Ltd., "Radio House" Gokarn, G. D.

Santa Cruz, Bombay, Indira Lodge Gidh, S. G.
Iraq Basrab, Central Technical Shuba No. 3, Tooni, N. N.
Ireland Rathfarnham, Co., Dublin, 11 Butterfield Park Egan, M. C.
Malta B -Kara, 20 Str. Collegiata Galea, R. F.
New Zealand Christchurch, St. Michaels Vicerage, Oxford Ter.. Perry, P. N. M.
South Africa Durban, 107 Manning Rd Blinkhorn, K.
Territory of

Hawaii Honolulu, 1466 S. King St. Nakamoto, W. H.
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B. J. THOMPSON

Recipient of the Morris Liebmann Memorial Prize, 1936

Browder J. Thompson was born in Roanoke, Louisiana, on August 14, 1903.He attended the University of Washington and received a Bachelor of Sciencedegree in electrical engineering in 1925.
From 1926 to 1931 he was a member of the research laboratory of the

General Electric Company at Schenectady, New York, where he was active inthe design and development of tubes both for radio and industrial purposes. In1931 he joined the research and development laboratory of the RCA RadiotronCompany at Harrison, New Jersey, where he was placed in charge of electricalresearch. His work in that organization on vacuum tubes of small physicaldimensions for ultra -high -frequency uses resulted in the presentation to him ofthe Morris Liebmann Memorial Prize for 1936 with the citation "for his contribu-tion to the vacuum tube art in the field of very high frequencies."
Mr. Thompson is a member of the American Physical Society. He joinedthe Institute as an Associate member in 1929, transferring to Member in 1932.He has been active in standardization work of the Institute for several years.



INSTITUTE NEWS AND RADIO NOTES

Committee Work

BROADCAST COMMITTEE

Three meetings of the Broadcast Committee were held to consider

the desirability of the Institute's preparing a statement for presenta-
tion at hearings of the Federal Communications Commission starting

on Octobef 5, 1936, on practically the entire subject of radio broad-

casting. A preliminary review of the field was made and those subjects

on which it was felt the Institute might make worth -while contribu-

tions were discussed in detail.
The meeting held on August 6 was attended by E. L. Nelson, chair-

man; H. A. Chinn, (representing E. K. Cohan), G. D. Gillette, Alan

Hazeltine (representing H. A. Wheeler), J. V. L. Hogan, C. W. Horn,
C. g. Jolliffe, and H. P. Westman, secretary.

The August 17 meeting was attended by E. L. Nelson, chairman;
G. D. Gillette, R. N. Harmon, Alan Hazeltine (representing H. A.
Wheeler), J. V. L. Hogan, C. B. Jolliffe, W. B. Lodge (representing
E. K. Cohan), V. E. Trouant, and H. P. Westman, secretary.

The September 1 meeting was attended by E. L. Nelson, chairman;
G. D. Gillette, R. N. Harmon, J. V. L. Hogan, C. W. Horn, C. M.

Jansky, Jr., J. E. Young, and H. P. Westman, secretary.

TECHNICAL COMMITTEE ON ELECTROACOUSTICS

The Technical Committee on Electroacoustics met on July 10 in
the Institute office and those present were H. F. Olson, chairman;
Sydney Blumenthal, C. H. G. 'Gray, Benjamin Olney, V. E. Whitman,

and Julius Weinberger.
The committee reviewed some preliminary material on loud -speaker

testing which, after revision, was considered satisfactory as a final
report to go to the Institute's Standards Committee.

Institute Meetings

CLEVELAND SECTION

R. M. Pierce, chairman, presided at the April 23 meeting of the
Cleveland Section held at Case School of Applied Science and at which
thirty-eight members and guests were present.

A paper on "Design and Construction of Indicating Instruments"
was presented by H. L. Olesen of the Weston Electrical Instrument
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Corporation. The speaker covered the construction of indicating in-
struments, illustrating his remarks with parts used in them. He stated
that pointers are thin wall aluminum tubing, wires as small as a thou-
sandth of an inch in diameter are enamel insulated, springs are alloyed
especially for meter service, pivots are finer than needle points, and
jewels are of sapphire. -Various types of instruments were described
and their advantages and disadvantages pointed out. The dynamom-
eter type was indicated as being comparatively insensitive and the
repulsion type as inefficient. In both of these types the field is supplied
from the circuit under measurement. The use of a permanent magnet
for the field as in the d'Arsonval type of movement results in a much
greater ruggedness and sensitivity. Copper -oxide rectifiers were .dis-
cussed and their limitations pointed out. Thermal meters with iron-
constantan or platinum-platinum-iridium junctions are used for
frequencies below a hundred kilocycles. Above that frequency, a cor-
rection factor must be used and care employed in shielding the meter
circuit from stray pickup. The paper was concluded with an exhibition
of allied equipment.

CONNECTICUT VALLEY SECTION

The Connecticut Valley Section met on April 30 at the Hotel
Charles 'in Springfield, Mass. There were forty present and M. E. Bond,
chairman, pregded.

Two papers were presented, the first of these was by F. H. Scheer
of the F. W. Sickles Company on "Diode Coupling Transformers." He
discussed chiefly the effect of the ratio of the alternating-current to
direct -current impedance in a conventional diode circuit with two di-
odes tied together and the automatic volume control system con-
nected to one end of the volume control. In the discussion which fol-
lowed, the possibility of improving the ratio by coupling the automatic
volume control diode to the audio -frequency diode through a small
capacitance which would present a relatively high impedance to audio
frequencies was considered as was the best design for the intermediate-
frequency transformer which couples the final intermediate -frequency
amplifier to the diode circuit.

The second paper was on the "Manufacture of Fibre and Phenolic
Products" by C. F. Cary and Mr. Allison of the Spaulding Fibre
Company. The major portion of the paper was in the form of motion
pictures which covered the details of manufacture. The discussion
which followed the paper considered not only the manufacturing proc-
ess but the application of products.

The May meeting of the Connecticut Valley Section was held on
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the 28th at the Dunham Laboratory of Electrical Engineering in New
Haven, Conn. Chairman Bond presided and the attendance was fifty-

five, twenty of whom were present at the informal dinner which pre-
ceded the meeting.

A paper on "Accurate -Afethods of Measuring both Inductance and

Capacitance" was presented by R. F. Field of,the General Radio Com-

pany. It, was pointed out that it is necessary to measure resistance

values from 0-#. to 10'2 ohms, inductances from 10-8 to 103 henrys, and

pn cif a pees from 10-14 to 10-3 farads. Existing technique permits ex-
tremely accurate measurements of resistance from 10 to 10-4 ohms.
Induct a nee from I0 -'to 10 henrys, and capacitance from 10-9 to 10-6

farads.
Resistance cannot be calculated a CellratelY because of variations in

inn terialsA simple Wheatstone bridge has errors due to thermoelectric
rfir:0, contact reistance, and the resistance of connecting links. The

grcate:-.1 accuracy may be obtained by substituting unknowns which

are Olfirk exactly equal to the standard resistor. Capacitance Measilre-
111(111s may br: in error because of stray capacitances, connectors, and
f:rnperature. Inductance measurements are considered most, dirriCtIlt

br!rrtIF-(! Of inductors having resistance and stray capacitance which
change the natural period of the coil. There is rio precision variable
inductor 1.1,-a He. 1t was pointed out that resistance, inductance, and

capacitance andards liavr! been compared to Within an ncrurney (If

101 r cr7i

Los A Nr.:I.J,Es SECTION

A rued inv.: of I he f,os Angeles Section was held on June IG at, the
1Jc, A ngeH, Junior College under the chairmanship of C). 1)aily.
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SAN FRANCISCO SECTION

The July 17 meeting of the San Francisco Section was held at the
Bellevue Hotel with V. J. Freiermuth, vice chairman, presiding. There
were forty-eight present at the meeting and eighteen attended the
informal dinner which preceded it.

H. R. Lubcke, director of television of the Don Lee Broadcasting
Company, presented a paper on "Five Years of Television Broadcast-
ing." He described first existing conditions in the television field both
from the regulatory as well as engineering and operating aspects. He
then outlined the history and activities of his own organization for
the past five years. Mimeographed data to permit the construction of
receiving equipment to pick up the Don Lee television broadcasts were
distributed. At the present time they are broadcasting high fidelity
films daily except Sunday and have been in operation almost every
day for the past four years.

Personal Mention

R. M. Arnold formerly with Philco Radio and Television Corpora-
tion has- established the Arnold Engineering Company in Chicago, Ill.

L. B. Bender, Lieutenant Colonel, U.S.A., has been made Chief of
the Research and Development Division in the Office of the Chief
Signal Officer, Washington, D. C., having formerly been stationed at
Fairfield, Ohio.

R. M. Beusman has become manager of the western division of the
Radio Condenser Company of Chicago, Ill., having previously been
with the Reliance Die and Stamping Company.

T. R. \7T. Bushby has left Raycophone, Ltd., to join the engineer-
ing staff of Amalgamated Wireless (Australasia), Ltd., at Ashfield, New
South Wales, Australia.

J. R. Pattee previously with Fairchild Aerial Camera Corporation
has established the Pattee Scientific Development Company at Long
Island City.

D. H. Vance has left the RCA Victor Company to become affili-
ated with the Electronic Equipment Corporation of Philadelphia, Pa.

E. D. Whitehead has joined the staff of Pye Radio Ltd., Cambridge,
England, having previously been with H. Clarke and Company, Ltd,
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TECHNICAL PAPERS

THE DESIGN OF DOUBLET ANTENNA SYSTEMS*

BY
HAROLD A. WHEELER AND VERNON E. WHITMAN

(Hazeltine Corporation, Jersey City, New Jersey)

Summary-An antenna system has been designed for all -wave radio reception

at 0.54 to eighteen megacycles with reduction of noise from.causes near, the receiver.
The system includes doublet antenna, transmission line and coupling fillers. The
fifteen -meter double V doublet is designed on the basis of impedance curves, for satis-
factory balanced operation at six to eighteen megacycles. Unbalanced operation is
employed at the lower frequencies. Each of the antenna -to -line and line -to -receiver

filters includes low band and high band transformers together passing the entire fre-
quency range with little attenuation. The antenna transformers are included in
contig'...ous band filters for switching the antenna between unbalanced and balanced
operation. The receiver transformers arc included in a continuous band filter.
Balanced operation of the line is carefully preserved. The over-all loss is measured
with the aid of a special dummy antenna. The over-all loss, minus the line attenua- .
tion, is between one and five decibels relative to the maximum power theoretically ob-
tainable by tuning the antenna to each signal. The receivep is designed to operate
uniformly as a 400 -ohm load at any frequency to which it is tuned.

I. INTRODUCTION

Ii' HE doublet antenna is known to have certain potential ad-
vantages in radio reception, especially in the reduction of noise
from some causes. There are special problems in the design of

doublet antenna systems to realize these advantages without exceeding
practical limits on the size of the antenna and the nature of the associ-
ated apparatus. This paper deals with the problems of design and
testing, and describes a complete system in which the desired ad-
vantages are realized.

In general, a doublet antenna system comprises four components
which are all essential unless some of the functions are performed by
virtue of inherent relations among the other parts. These components
are (1) a balanced horizontal doublet, (2) an antenna -to -line switching
filter for coupling the doublet to the transmission line, (3) a balanced
transmission line for conducting the signal from the location of the
doublet to the location of the receiver, and (4) a line -to -receiver shield-
ing filter for coupling the line to the radio receiver. The method.of de-

* Decimal classification: R320. Original manuscript received by the Institute,
June 15, 1936. Presented before Rochester Fall Meeting of the I.R.E., November
20, 1935.
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sign to be described minimizes the number of essential relations among
the components and thereby secures the maximum simplification of the
method of design.

The doublet antenna system must have signal -collecting ability
at least comparable with that of a simple single wire antenna, and in
addition must have advantages sufficient to justify its added complica-
tion. The advantages reside in the reduction of noise from certain
near -by causes and in the predetermined directivity of the doublet as
compared with the random directivity of ordinary single wire antennas.
The noise problem and the related behavior of doublet antenna sys-
tems have been treated very well by J. G. Aceves.' The directivity de-
pends mainly on the doublet, provided the other components are de-
signed to have negligible effect on the signal -collecting properties of
the system.

The reduction of noise depends primarily on the location of the
antenna as far as possible from sources of local noise. This and the
horizontal symmetry of the doublet minimize the pickup of local
disturbances, which radiate mainly vertically polarized waves. The
other components must then be designed not to couple the local noise
to the receiver, either directly or by way of the antenna. Such local
noise is generally picked up directly by the power circuit of the re-
ceiver, "the lead-in wires, or the ground connection. The location of the
receiver and lead-in wiring usually is not under control of the designer.
The ground connection is preferably located near the antenna so as to
minimize noise pickup, and it is utilized only at frequencies lower than
the range of efficient operation of the antenna as a doublet.

The frequency range of operation is taken to be 0.54 to eighteen
megacycles, the so-called "all -wave" range according to present stand-
ards. The antenna is operated exclusively as a doublet at six to eighteen
megacycles, the frequency range of the most interesting weak signals
and therefore the most severe noise problem. Mixed balanced and un-
balanced operation is employed in the vicinity of five megacycles. At
lower frequencies, it is operated as an unbalanced capacitive antenna.

The horizontal doublet2 is most sensitive to horizontally polarized
signals from the directions perpendicular to its length. Short-wave
signals from distant points are generally elliptically polarized with
horizontal components at least as great as the vertical components. The

1 J. G. Aceves, "Problems of all -wave noise -reducing -antenna design," Proc.
Radio Club Amer., vol. 12, pp. 39-47; November, (1935).

2 A horizontal loop antenna balanced to ground is the ideal expedient for
nondirective reception of horizontally polarized waves. This was not employed
because of the greater difficulty of installation in such form as to have sufficient
signal -collecting ability.
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directive curve in the horizontal plane has the simple form of a figure
eight, since the length of the doublet to be described is less than the
minimum wave length in the operating frequency range.

The unbalanced antenna is most sensitive to vertically polarized
signals. It is nondirective in the horizontal plane, since the lead-in is
connected at the center and the length is less than one half the mini-
mum wave length in the frequency range of such operation. The lower

frequency signals have greater vertically polarized components, so
that unbalanced operation is in order.

The desirable properties of the antenna with respect to directivity
are maintained by properly damping any unbalanced currents induced

in the line. This damping may be secured by properly terminating the
line to ground for unbalanced currents at either end, but preferably
at the antenna end where the ground connection would be relatively
free of noise pickup.

II. THE DOUBLET ANTENNA

The antenna is designed with attention to its balanced operation
as a doublet, since its unbalanced operation is much less critical as to
dimensions. The design is based primarily on the measured impedance
characteristics, relying on the published theoretical studies for the
factors affecting the signal -collecting properties. The theoretical direc-
tive curves should be valid because the balanced operation is nearly
independent of ground connections and associated apparatus.

The doublet should be installed with its length perpendicular to
the direction of arrival of the signals of greatest interest. The direc-
tivity is an important advantage if so utilized. The least favorable
reception in the direction of the length is limited to slight pickup of
the vertically polarized component, depending on the proximity of the
doublet to the ground. The sensitivity to the horizontally polarized
components of low angle signals from the perpendicular directions is
substantially proportional to the height above ground, as well as to the
length of the doublet. The sensitivity to the vertically polarized com-
ponents of low angle signals from the end directions is proportional to a
sinusoidal function of the length and inversely proportional to the
height. Therefore the probable directivity effective under ordinary con-
ditions increases with the height and is not necessarily excessive in case
the doublet is installed in an unfavorable direction at a moderate
height.

Fig. I. is an impedance curve whose general properties are to be dis-
cussed as the basis of designing the doublet for the present purpose.
These curves were measured at the doublet terminals by means of
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equipment designed especially for this purpose. The doublet is con-
nected in parallel with the balanced tuned output circuit of a push-
pull amplifier operating at the frequency of observation, and the
amplifier is retuned to resonance by variation of capacitance. The
change of capacitance and the reduction of output voltage are respec-
tively used to evaluate the shunt susceptance and conductance com-
ponents of the doublet admittance. Similar methods have been de-
vised independently by other workers.'
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Fig. 1-Impedance of the fifteen -meter double V doublet.
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The doublet must be coupled to the line by a fixed network which
cannot be tuned to each operating frequency. Therefore any reactance
of the doublet limits the signal current and the resulting efficiency of
operation. The impedance ideally adapted for coupling with a trans-
mission line is a uniform pure resistance. The departure from this
ideal is indicated by the variation of impedance and power factor,
shown in Fig. 1. The power factor curve is the best single indication of
the degree of approximation to the ideal, because its shape determines
approximatingly the shape of the impedance curve, whereas the converse
is not the case at frequencies below the fundamental.

The so-called "double V" doublet with two wires on each side was
chosen in preference to a simple single wire doublet of equal length on
the basis of their respective impedance characteristics. The curves of

3 E. Bruce, A. C. Beck, and L. R. Lowry, "Horizontal rhombic antennas,"
PROC. I.R.E., vol. 23, pp. 24-46; January, (1935).
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Fig. 1 were observed on a fifteen -meter double V doublet of the shape
and dimensions shown ill the dingranl. The double V doublet has the

same minimum impedance (eighty ohms) as the simple doublet and
only half the maximum impedance 12000 instead of -Wm ohms). The
fundamental frequency of the double V doublet is about six per cent
lower (8.6 instead of 9.2 megacycles) and the effective length is greater

as affecting the radiation resistance and the power factor. The lowest -

operating frequency, as determined by the minimum permissible value
of the power factor, is about, fourteen per cent lower for the double V
doublet. In other words, a simple doublet for the same frequency range
would have to be longer by about. sixteen per cent or 2.-1 meters, and
still would have twice the ratio of variation of impedance.

'the advantages of the double V doublet over the simple doublet
of the same length may he regarded as eaused primarily by about
thirty per cent reduction of the characteristic resistance and therefore
of te,menn impedance, and secondarily by the increase of effective
length 811(1 therefore Of the induced signal voltage.

There is a theorem relating to antennas, which is relevant to the
problem of designing a circuit to couple an antenna with other ap-
paratus. A nondissipative antenna operating at frequencies less than
the fundamental is capable of delivering. an :imolai of received signal
power which is nearly independent of its dimensions: The power is
limited by the induced signal voltage and the radiation resistance. The
former varies in direct proportion to the effective height or length and
the latter in proportion to the square of the same dimension. The
square of the voltage divided by four times the resistance is therefore
independent of the dimensions, and is equal to the maximum power
which the antenna is theoretically capable of delivering to a load cir-
cuit. The delivery of the maximum power requires power factor cor-
rection by tuning the circuit to the signal, as well as impedance match-
ing with the load circuit.. The larger the antenna, the less critical is
the tuning as to both reactance and resistance of the tuning elements.

At frequencies greater than the fundamental, a nondissipative an-
tenna has relatively large values of the power factor caused by radia-
tion resistance. The Power fact or correction is therefore less important.,
but the directivity is more critical. It. is still desirable to minimize the
reactance components of the antenna impedance to minimize the de-
mand for power factor correction.

The connection in parallel of several equal wires not. too close to-
gether, in place of a single wire, is a practical expedient for decreasing
inductance and increasing capacitance, thereby reducing the reactance
components of the antenna impedance. The average power factor is
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increased and the impedance variation with frequency is reduced. The
length of the several wires may be decreased with increasing number
of wires if the effective length and the radiation resistance are to re-
main the same.

The doublet impedance characteristics make it impossible to secure
the ideal impedance matching and power factor correction in coupling
the doublet with a circuit of uniform resistance such as a transmission
line properly terminated at the other end. The loss caused by the failure
to realize these ideal conditions is defined as the "transition loss" in
the art of transmission networks.4
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Fig. 2-Chart of transition loss (decibels) at the junction of impedance (Z
=R-FjX) and pure resistance (Ro) whose ratio (or its reciprocal) is repre-
sented by the co-ordinates (U -I -j17).

Fig. 2 is a chart which was prepared as an aid in evaluating the
transition loss at the junction of two impedances, of which one is a
pure resistance (R0) and the other is, in general, a complex impedance
(Z = Rd-jX). The ratio of these two impedances (or its reciprocal) is
equal to Ud-jV, the co-ordinates of the chart. It is immaterial which
impedance is in the numerator of the ratio. The circles are drawn with
the loss as the variable parameter, so that the loss can be read directly
for any impedance ratio within the range of the chart.5

4 K. S. Johnson, "Transmission Circuits for Telephonic Communication,"pp. 43-46, (1927); definition of transition loss.
6 H. A. Wheeler, "Transition loss chart," Electronics, vol. 9, p. 27; January,(1936).
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Fig. 3 illustrates the use of the transition loss as a measure of the
hsmatching of the doublet impedance with the resistance of a line.
lie dotted curve is based on the doublet impedance curve of Fig. 1
ad a line of 500 ohms resistance. The solid curve is based on the same
1.e but the doublet is loaded with parallel inductance which tunes the
Itenna to six megacycles, and thereby causes the transition loss to be
I is between five and nine megacycles and not much greater at higher
f!quencies. This is indicative of the benefit obtainable by careful de-
, pa of the circuit coupling the doublet with the line. Above 5.5 mega -

pies, the loaded doublet is subject to less than three decibels loss
dative to the ideal condition of tuning the antenna at each operating
Iquency and optimum coupling to the line with nondissipative circuits.
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g. 3-Transition loss at the junction of the fifteen -meter double V doublet'
and a 500 -ohm line .(dotted curve), and at the same junction loaded with
parallel inductance (solid curve).

It is'apparent that the marginal advantage of further improvement
t the antenna is not sufficient to justify much greater length or weight.
he theoretical advantage of the double V doublet over a simple
aublet of the same length varies from about two decibels at fre-
hencies below the fundamental to about one decibel at the funda-
tental and higher frequencies. The practical advantage is greater be-

' Wse fewer circuit elements are required in loading the fifteen -meter
buble V doublet for the required frequency range.

III. TIIE ANTENNA FILTER

The antenna -to -line filter serves the purpose of coupling the an-
f,,nna, to the line most effectively for balanced -doublet operation in
he higher band of five to eighteen megacycles and unbalanced opera -
ion in the lower band of 0.54 to five megacycles. Therefore it iS a

20
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increased and the impedance variation with frequency is reduced. The
length of the several wires may be decreased with increasing number
of wires if the effective length_ and the radiation resistance are to re-
main the same.

The doublet impedance characteristics make it impossible to secure
the ideal impedance matching and power factor correction in coupling
the doublet with a circuit of uniform resistance such as a transmission
line properly terminated at the other end. The loss caused by the failure
to realize these ideal conditions is defined as the "transition loss" in
the art of transmission networks.4
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Fig. 2-Chart of transition loss (decibels) at the junction of impedance (Z

=R-FjX) and pure resistance (Ro) whose ratio (or its reciprocal) is repre-
sented by the co-ordinates (U-1-jTr).

Fig. 2 is a chart which was prepared as an aid in evaluating the
transition loss at the junction of two impedances, of which one is a
pure resistance (Ro) and the other is, in general, a complex impedance
(Z =R+j27). The ratio of these two impedances (or its reciprocal) is
equal to U-I-jV, the co-ordinates of the chart. It is immaterial which
impedance is in the numerator of the ratio. The circles are drawn with
the loss as the variable parameter, so that the loss can be read directly
for any impedance ratio within the range of the chart.5

4 K. S. Johnson, "Transmission Circuits for Telephonic Communication,"
pp. 43-46, (1927); definition of transition loss.

5 H. A. Wheeler, "Transition loss chart," Electronics, vol. 9, p. 27; January,
(1936).
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Fig. 3 illustrates the use of the transition loss as a measure of the
mismatching of the doublet impedance with the resistance of a line.
The dotted curve is based on the doublet impedance curve of Fig. 1
and a line of 500 ohms resistance. The solid curve is based on the same
line but the doublet is loaded with parallel inductance which tunes the
antenna to six megacycles, and thereby causes the transition loss to be
less between five and nine megacycles and not much greater at higher
frequencies. This is indicative of the benefit obtainable by careful de-
sign of the circuit coupling the doublet with the line. Above 5.5 mega-
cycles, the loaded doublet is subject to less than three decibels loss
relative to the ideal condition of tuning the antenna at each operating
frequency and optimum coupling to the line with nondissipative circuits.
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Fig. 3-Transition loss at the junction of the fifteen -meter double V doublet
and a 500 -ohm line (dotted curve), and at the same junction loaded with
parallel inductance (solid curve).

It is apparent that the marginal advantage of further improvement
of the antenna is not sufficient to justify much greater length or weight.
The theoretical advantage of the double V doublet over a simple
doublet of the same length varies from about two decibels at fre-
quencies below the fundamental to about one decibel at the funda-
mental and higher frequencies. The practical advantage is greater be-
cause fewer circuit elements are required in loading the fifteen -meter
double V doublet for the required frequency range.

III. THE ANTENNA FILTER

The antenna -to -line filter serves the purpose of coupling the an-
tenna to the line most effectively for balanced -doublet operation in
the higher hand of five to eighteen megacycles and unbalanced opera-
tion in the lower band of 0.54 to five megacycles. Therefore it is a

20
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switching filter including impedance matching transformers. It is es-
pecially important that unbalanced antenna currents at frequencies
in the high band should not be coupled to the line, because one of the
main purposes of the system is to minimize the disturbing effects of
such noise currents.

Fig. 4(a) shows the general arrangement of the antenna system,
with the circuit details of the antenna filter. The upper and lower
dotted rectangles include respectively the high band and low band
transformers and associated elements. The transmission line is coupled

Doublet ,9
antenna

(a)

Antenna -to -line filter so.

Receiver
(liter

Receiver
400,,

(b) Design of high -band fitter.

DO

(01 Design of low -bawl filter.

Fig. 4-The doublet antenna system and the design of the
antenna -to -line filter.

-10

7-Th

with the receiver by the receiver filter. The receiver and the receiver
filter are designed to terminate the line by impedance substantially
equal to its .characteristic resistance at the frequency to which the
receiver is tuned. Therefore the line can be regarded as a uniform re-
sistance load on the antenna filter. Also the performance of the system
therefore depends on the length of line, only to the extent of the line
attentuation.

The ground connection of the antenna circuit is likely to be so long
as to resonate within the operating frequency range and therefore to
have abnormally high impedance at certain frequencies. It is desirable
to have this impedance as low as possible. Its maximum values may be
reduced at the expense of increasing the minimum values, by adding
damping resistance of about 500 ohms at the ground end of the ground
connection. The impedance to ground is then nearly uniform at about
500 ohms.
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A separate similar ground connection may be connected to a center

tap at the antenna end of the line, in order to terminate the line to

ground properly for unbalanced currents. This makes the line aperiodic

with respect to unbalanced signal pickup, while the balanced pickup

is minimized by the close spacing of the line wires. In this manner, the

effect of the line on the signal-collecting properties of the system is

minimized.
The separation of the two ground connections is desirable to mini-

mize the coupling of unbalanced currents from the line to the antenna
circuit. If only one connection is to be used, it should be that of the

 antenna circuit, and the antenna end of the line is then left ungrounded.
If a quiet ground connection is not available in the vicinity of the

antenna, the primary and secondary ground terminals G -G may be
connected together and not to ground. The line then serves as ground
connection or counterpoise, depending on whether there is a ground
connection to a center tap on the primary side of the receiver filter.
This expedient is likely to decrease the amount of noise reduction very
much for operation in the low band, and slightly for operation in the
high band.

The design of the high band filter is indicated in Fig. 4(b). It is
based on the two band-pass half sections shown on the left.' The first
half section is of the "constant -k" type. The second is of a derived type
whose series arm includes parallel elements resonant at a frequency
slightly below the band. These half sections are reduced to an equiv-
alent circuit including a transformer with balanced primary and
secondary circuits. The input terminals of the first half section are con-
nected together for the transformation. The four elements in the dotted
circle have an impedance curve similar to that of the doublet, so they
are to be replaced by the doublet. The parallel elements in the second-
ary circuit are to he replaced by the low band filter.

The design of the low band filter is indicated in Fig. 4(c). It is
based on the two half sections and one whole section of band-pass filter
shown on the left. The half sections are of derived types whose series
arms include parallel elements resonant at frequencies slightly above
the band. The whole section is of a simple type adapted for trans-
former substitution. These are reduced to an equivalent circuit includ-
ing a transformer with unbalanced primary and balanced secondary
circuits. The input terminals of the first half section are connected to-
gether for the transformation. The condenser in the dotted circle is to
be replaced by the doublet connected as an unbalanced capacitive

T. E. Shea, "Transmission Networks and Wave Filters," pp. 315-318,
(1929).
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Fig. ti shows the transition loss at the junction of the antenna filter
and the line. It is less than two decibels between nine and eighteen
megacycles, where greatest sensitivity is needed, and less than three
decibels between six and nine magacycles.

The transition loss from doublet to filter is slightly greater by an
amount depending on the low band filter and on the dissipation of the
high band filter. To this must be added the filter attenuation to evalu-
ate the transition loss from antenna to line.

IV. THE TRANSMISSION LINE

The transmission line should comprise a pair of conductors balanced
to ground and located fairly close together. Transposed or parallel
spaced conductors cause negligible attenuation but offer some diffi-
culty of installation. Twisted or untwisted pairs of insulated conduc-
tors close together are easy to install but cause substantial attenuation
at the higher frequencies, especially when wet. The system being de-
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scribed was designed for a 115 -ohm line of the latter type. Such a pair
should have high grade rubber insulation for operation at six to eight-
een megacycles. Such lines of moderate weight, in the dry condition,
have minimum attenuation per hundred feet of about one decibel at
six megacycles and two decibels at eighteen megacycles. Most samples
tested dry have greater attenuation, and much greater when tested
wet.. The pair is usually covered with a lacquered braided sheath to
protect the rubber. This sheath adds little to the attenuation when
dry, but when wet it adds about three decibels per hundred feet. Also
it delays the drying after exposure to moisture. It is desirable, if pos-
sible, to develop a rubber -covered pair which will stand exposure with-
out any braided covering.

0

0
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T
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Frequency (Mc)

Fig. 7-The line -to -receiver filter (a), a network having the same filter properties(b), and the observed attenuation in the receiver filter with normal termina-tion (upper curve) or abnormal termination (lower curve).

V. THE RECEIVER FILTER

The line -to -receiver filter serves to couple the balanced line to the
unbalanced input circuit of the radio receiver, without coupling thereto
any unbalanced currents in the line. Therefore this filter must pass the
entire frequency range and must include a transformer with adequate
shielding. Incidentally, the total capacitance between primary and
secondary circuits should be minimized because it couples unbalanced
noise currents from receiver to line to antenna.

Fig. 7(a) shows the cuircuit of the receiver filter. Separate high
band and low band transformers are employed because it is impracti-
cal to secure sufficiently close to unity coupling in a single radio-

10 30
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frequency transformer to operate over such a wide range of frequency.
The high band transformer has between its coils a capacitive shield
comprising a sleeve of copper foil, insulated at the lap joint to prevent
inductive shielding. The low band transformer is made of two con-
centric multilayer coils arranged so that one of the extreme layers of
the secondary serves as a capacitive shield from the primary. An open
core of iron dust is used to permit more space between the latter. coils
while retaining the required coefficient of coupling.

This double transformer filter was designed in accordance with
formulas derived by an application of the equivalent lattice method of

filter synthesis.' It is found theoretically to have the properties of a
continuous band filter if the circuit elements have the proper relations.
The high band filter alone passes approximately the upper third of the
frequency range, the low band filter the lower third, and both together
the middle third. The double transformer filter has less attenuation
than a filter passing the same band by means of a single transformer
of very close coupling.

Fig. 7(b) shows for comparison a ladder -type filter whose perform-
ance characteristics are identical with those of Fig. 7(a). The four ele-
ments in the middle of the ladder comprise an "all -pass" section which
has little effect on the attentuation. Therefore the -attenuation in the
double transformer filter differs very little from that in a single trans-
former filter, although the latter requires much greater coefficient of
coupling.

The receiver filter was computed and designed to pass the band of
0.54 to twenty-five megacycles, the upper cutoff frequency being suffi-
ciently high to assure minimum attentuation at six to eighteen mega-
cycles. The upper curve of Fig. 7 shows the loss in this filter relative to
an ideal transformer operating between the same terminal resistances
of 115 and 400 ohms, respectively.4 The loss does not exceed 1.5 de-
cibels over a frequency range much greater than the operating range
of 0.54 to eighteen megacycles. The lower curve shows the correspond-
ing loss with much higher values of terminal resistance, in order to
identify the peaks of the curve at the critical frequencies of the design.

VI. THE OVER-ALL PERFORMANCE OF THE SYSTEM

Measurement of the loss of the entire system is desirable in order
to check the performance of all components operating together. Such
a test requires a dummy antenna in which a signal can be introduced in

7 H. W. Bode, "A general theory of wave filters," Jour. Math. and Phys.,
vol. 13, pp. 275-362; November, (1934); summary, Bell Sys. Tech. Jour., vol. 14,
pp. 211-214; April, (1935).

4 K. S. Johnson, hoc. cit.; definition of transformer loss.
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such a manner as to simulate either balanced' or unbalanced operation.
Also the dummy antenna must present to the antenna filter both bal-
anced and unbalanced impedance approximating that of the antenna
over the entire operating range of frequency.

Fig. 8 shows the complete arrangement for making over-all tests.
The 'dummy antenna is designed to meet all the requirements. The
other components of the antenna system are connected normally. The
output voltage is measured across a dummy load of 400 ohms resistance
to simulate the receiver.

The balanced elements of the dummy antenna simulate the factors
which are essential in determining the doublet impedance. The con -

Dummy antenna,
I5 -meter double -V doublet

Antenna Receirer
filter. filter

9

A

, 2 ozo .11.
C9.. 1

3.4,u%
27 A- zop,uf

D

G 400,-
o --- 1 G

0
11---0

1--21Tr----0 D
0

(a) Low -impedance generator connected for unbalanced operation.

A

Ali

4-o G

o D

(b) High -impedance generator connected for balanced operation:

Fig. 8-Special dummy antenna connected for measurement of over-all
loss in the antenna system.

densers across the terminals D -D simulate the capacitance near the
terminals at the center of the doublet, in which there is induced negligi-
ble signal voltage. The condensers next to the terminals A -A simulate
the main part of the doublet capacitance, in which is induced the signal
voltage. All the elements are proportioned so that the impedance curve
observed between the terminals D -D very closely approximates that
of Fig. 1 in all respects.

The unbalanced impedance of the dummy antenna is that between
the ground terminal G and the two terminals D -D tied together. The
condenser in the ground lead of the dummy antenna has such a value
that the unbalanced capacitance of the dummy antenna at frequencies
much less than the fundamental is equal to the capacitance between
the doublet wires connected together and the ground lead connected to
ground. The resistor in the ground lead of the dummy antenna simu-
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lates the damping resistance at the base of the ground lead, but has a
lesser value because it carries all the current whereas the damping re-
sistance carries somewhat less than the maximum current in the ground

lead.
Fig. 8(a) shows the connection of the signal generator for unbal-

anced operation, in series with the unbalanced impedance of the
dummy antenna. Fig. 8(b) shows the connection for balanced opera-
tion, in which the signal generator is required to introduce a balanced
voltage in the dummy antenna. A signal generator of high impedance
is connected to the balanced input terminals A -A across the center -
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Fig. 9-Over-all loss in the system, for unbalanced operation of antenna at the
lower frequencies and balanced operation at the higher frequencies.

30

tapped resistance. The signal input voltage is taken as the voltage
across A -A with the arms A -D both on open circuit. This method
simulates the normal balanced operation of the doublet, in that the
signal voltage appears in Series with those elements representing the
main part of the doublet, and not in series with the capacitance near
the center of the doublet.

Fig. 9 shows the over-all loss of voltage from dummy antenna to
dummy load under various conditions of operation. The low band
curves are for unbalanced operation and the high band curves aro for
balanced operation. The solid upper curves show the minimum loss for
zero length of line. The dotted lower curves show the corresponding loss
for a dummy line of six decibels attenuation. The dummy line com-
prises merely a balanced symmetrical attenuator Hec Li on of imago nil-
perbuice equal to the characteristic resistance of the line for which the
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circuits are designed. The upper and lower curves should have uniform
vertical separation equal to the attenuation of the dummy line. The
approximation to this relation indicates the closeness of matching the
antenna and receiver filters with the line.

The components of the over-all loss are indicated for reference. The
"transformer ratio" is the product of the ratios involved in the design
of antenna and receiver filters, and represents only loss of voltage as
distinguished from loss of power. The transformer ratio has a transition
in the region of five megacycles, the nominal boundary between the low
and high bands. The "antenna and filter loss" is caused by dissipation
and reactance of the antenna and both filters. About half of the latter
is caused by the effective resistance of the ground lead.

The over-all loss is shown plotted in terms of a voltage ratio ex-
pressed in decibels. This loss should be compared with the minimum
loss theoretically possible if the antenna were tuned to each signal and
ideally coupled to the 400 -ohm load simulating the receiver. The resist-
ance component of, the dummy antenna unbalanced impedance is 400
ohms in series with the signal generator, so that the minimum possible
loss of voltage is six decibels for unbalanced operation at the lower fre-
quencies. The resistance effectively in series with the signal generator
for balanced operation is variable with frequency. The corresponding
theoretical curve of minimum loss is the dotted curve above the high
band curves of Fig. 9. This curve corresponds to zero transition loss
from doublet to receiver, and therefore represents the best performance
theoretically obtainable With this antenna operated as a doublet. It is
noted that the observed loss over the entire frequency range is only
between one and five decibels greater than the theoretical minimum.

The loss added by the transmission line is the attentuation of only
the necessary length of line, because the length is not critical when the
line is properly loaded, as in this design.

An important characteristic of the system is the great attenuation
of unbalanced signals at frequencies in the high band. The relative at-
tenuation is more than thirty-two decibels in the range of six to eight-
een megacycles where refinement of balanced operation is essential to
maximum reduction of noise. There is a problem to secure uniformly
good performance in the vicinity of the boundary between low and high
bands, together with sufficient attenuation of unbalanced signals in the
high band. This result was secured with the aid of the six -megacycle
trap in series with the primary circuit of the antenna filter, shown in 
Fig. 4.

VII. THE RECEIVER INPUT CIRCUIT
It is desirable to design the input circuit of the receiver in such a

manner that it is adapted for connection with either a simple antenna
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or a doublet antenna system. The former is ordinarily assumed to have
impedance approximating 200 micromicrofarads capacitance at fre-
quencies less than 1.6 megacycles and 400 ohms resistance at greater
frequencies. The doublet antenna system is designed to present at the
output terminals of the receiver filter, impedance having a mean value
of 400 ohms resistance at frequencies over the operating range of 0.54

to eighteen megacycles.
Fig. 10 shows an example of an input circuit adapted for connec-

tion alternatively with either a capacitive simple antenna or a resistive
antenna system. The main requirements are effective coupling between
either antenna and the tuned circuit, and similar effects of either an-
tenna on the resonant frequency of the tuned circuit. There is a real

(a.) for frequencies
below isoo kc

alternative J 400.n

o-ntenno.S 12004
ircund

(b) for frequencies
aboue 1600 kc

Moo^
Moon

Design of Receiver Input Circuit

Fig. 10-Receiver input circuit adapted for connection alternatively with ordi-
nary antenna (200 micromicrofarads or 400 ohms) or doublet antenna sys-
tem (400 ohms).

problem only at lower frequencies where there is most difference of the
properties of the two types of antennas.

The circuit of Fig. 10(a) for operation at 0.54 to 1.6 megacycles,
has two antenna terminals connected with different primary circuits
coupled differently to the same tuned secondary circuit. Many alterna-
tive forms of coupling are available for this purpose.8 The design shown
is based on simple coupling for the capacitive antenna, furnished by a
relatively large condenser common to the primary and secondary cir-
cuits. (The added filter comprising two resistors and a condenser is for
direct -current and low -frequency isolation and does not appreciably
affect the radio -frequency operation.) Such coupling gives substantially
uniform voltage ratio from the antenna to the secondary circuit, as
well as very little effect of the antenna on the resonant frequency.

8 IT. A. Wheeler and W. A. MacDonald, "Theory and operation of tuned
radio -frequency coupling systems," PRoc. vol. 19, pp. 738-803; May,
(1931).
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The coupling circuit for the resistive antenna system includes both
capacitive and inductive self -reactance in the primary circuit, as well
as both kinds of mutual reactance between primary and secondary cir-
cuits. Therefore there are four degrees of freedom in the design of ,the
coupling circuit, which can be utilized to satisfy four conditions. Two
conditions are that the effect on the resonant frequency should be the
same as that of the capacitive antenna circuit, at frequencies near both
limits -of the tuning range. The other two conditions are that the cou-
pling should be optimum between the tuned circuit and a 400 -ohm resis-
tive dummy antenna, at frequencies near both limits of the tuning
range. The latter condition makes the input impedance of the receiver
at resonance substantially equal to 400 ohms resistance. As a result,
either of the two input circuits may be connected with its respective
antenna, with assurance of normal operation over the tuning range.

Fig. 10(b) shows the simple input circuit adapted for either type of
antenna at frequencies above 1.6 megacycles, where either type pre-
sents a mean value of impedance approximating 400 ohms resistance.
This coupling circuit has two degrees of freedom, 'the primary self-
inductance and the mutual inductance. These are utilized to secure
optimum coupling between the tuned secondary circuit and the 400 -
ohm resistive dummy antenna, at frequencies near both limits of the
tuning range. The input impedance of the receiver at resonance is
thereby made equal to 400 ohms resistance, as desired for terminating
either the simple antenna or the receiver filter of the doublet antenna
system.

VIII. CONCLUSION

By following the principles outlined, a doublet antenna system is
secured which is dependable in operation and has the maximum of
simplicity and of freedom from incidental effects of the length of the
transmission line. Balanced operation of the doublet antenna at the
higher frequencies and of the line at all frequencies secures the maxi-
mum reduction of noise which is consistent with maintaining the maxi-
mum signal -collecting ability. The latter requires unbalanced operation
of the antenna at the lower frequencies. The balanced -operation of the
horizontal doublet is unavoidably directive, but the directivity is sub-
stantially independent of frequency and is predetermined so that it can
be used to advantage.
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ELECTRON BEAMS AND THEIR APPLICATIONS IN
LOW VOLTAGE DEVICES*

BY

HARRY C. THOMPSON
(RCA Radiotron Division, RCA Manufacturing Company, Inc., Harrison, New Jersey)

Summary -A study has been made of the segregation into beams of the space
current in devices of the over-all size of commercial receiver tubes and at potentials
less than 300 volts. Electrode coatings of luminescent material were used to make the
beam traces apparent on any or all electrodes. Qualitative relationships between
beam formations and relative electrode potentials are stated. Space currents of a few
milliamperes have been concentrated into beams less than 0.010 inch wide in simple
structures. Special control grids associated with conventional cathodes have been found
to combine good space current control with effective beam formation. These effects
together with control of beam width and direction can be obtained in a single device.

Simple structures are used to segregate the electron discharge from a single cathode
into a few or many similar electron beams. Between such structures and the outermost
electrodes are placed perforated positive electrodes with their openings disposed to
receive and pass the electron beams. Such electrodes are found' to receive as little as
two per cent of the current computed from their projected area. Such perforated
electrodes include conventional type grids.

The relationships between beam widths and electrode potentials have been found
to be such that mutual volt-ampere relations can be radically different from those
hitherto utilized. Linear, saturation type, or special volt-ampere relations can be
obtained. Individual electrode volt-ampere relations can be altered by utilizing the
action of the field of such an electrode to change the width and direction of the beam
impinging upon that electrode independently of interelectrode coupling. A variety of
negative conductance devices have been made on this principle.

I. INTRODUCTION

ITHE high vacuum devices in which electron beams have been used
previously, such as the X-ray tube and the cathode-ray oscil-
lograph, have employed, for the most part, small space currents,

single beams of circular cross section produced by essentially spherical
electrostatic or magnetic lens systems, and high electrode potentials.
Attempts to take advantage of the properties of beams for other pur-
poses have usually resulted in structures more or les's like those em-
ployed in the above devices and evidently derived therefrom. Siich
structures, as compared with receiving tubes and small power tubes,
tend to be expensive to make, large in size, inefficient in their use of
cathode power, and inadequate in their ability to carry current.

* Decimal classification : R138. Original manuscript received by the Institute,June 1, 1936. Presented before Tenth Annual Convention, Detroit, Michigan,July 1, 1935.
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The present investigation represents a different approach to the
subject, and was begun as the result of an observation made more than
ten years ago on a commercial form of triode whose anode had been
coated with luminescent material. With a certain ratio of potentials
on grid and anode there appeared on the latter narrow, sharp-edged

luminous lines opposite the openings between grid wires, indicating a
nearly complete segregation of space current, into beams. The space
current so segregated was many milliamperes at anode voltages of two
or three hundred and the widths of the luminous bands could be con-
trolled by the electrode potentials.

These observations suggested that, electrodes of various kinds, lo-
cated in the noncurrent carrying spaces between beams and used for
control purposes, might have a high input impedance even though
operated at positive potentials, and that screening electrodes similarly
placed might receive and waste very little space current.. It was also
thought that the variation of beam width might make possible, by
redistribution of space current between various positive electrodes
suitably placed, transconductance and conductance characteristics
of kinds unobtainable in devices utilizing the space-charge phenomenon
alone.

Such expectations have been fulfilled in a variety of devices which
are characterized by compactness, relative simplicity, high current
carrying ability at low potentials, the use of rectangular section beams
produced by cylindrical lens systems, the use of several beams from a
common cathode, and structural forms adapted to assembly methods
more nearly like those for amplifier and small power tubes than those
for devices of the cathode-ray oscillograph type.

The devices here presented belong, with one exception, to a class of

devices in which the advantages of segregation of the discharge into
beams and of variation of beam width and focus are utilized. Two other
classes of devices dependent upon the deflection of the median planes
of rectangular section beams and upon the use of magnetic fields are
excluded from this discussion.

The work along these lines was begun a number of years ago, and
the elementary principles and potentialities of it were established.
Later it was learned that work of a somewhat similar kind was being
done in Gerinany by Knoll and Schloemilch.l'2

1 M. Knoll and J. Schloemilch, "Electron optical current distribution in
electron tubes with control electrodes," A rch. fur Elcktrotech., vol. 28, pp. 507-516;
August 18, (1934).

2 M. Knoll, "Amplifying and transmitting valves considered as a problem
in electron optics," Zeit. far. Tech. Phys., vol. 51, no. 12, pp. 584-591, (1934).
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II. METHODS OF OBSERVATION

In structures for the study of beam phenomena appropriate elec-
trodes were coated with a thin and uniform layer of fine particles of a
luminescent material such as willemite. Such a layer becomes luminous
where and only where electrons of sufficient ,energy arrive at a sufficient
rate. If the space current is divided into beams, there appears on a
coated and bombarded electrode a luminous pattern corresponding to
the cross section of the beams at the surface of the electrode. Observa-
tions of that pattern can often be made with the potential of the bom-
barded electrode as low as twenty volts. In cases where it was not clear
from the luminous pattern of beam traces just what had happened
to the cross section of the beam in transit to the target, a low pressure
of gas and the consequent glow made it possible to observe -the beam
throughout most of its path. The pressure of the gas introduced for
this purpose was always insufficient to cause observable change in
the trace patterns and hence the observed beam paths were only
slightly different from those in high vacuum. It will be seen from the
data below that this method of study is of practical utility in the de-
sign of beam devices.

The first ten figures illustrate the beam-forming properties of simple
structures in association with conventional forms and sizes of cathodes
and certain elementary properties of the beams thus formed. The re-
maining figures show some typical devices for the utilization of such
beam properties.

III. OBSERVATIONS

Fig.. 1 shows scale sections of a triode with parallel plane electrodes
and indicates the observed beam traces on the anode or No. 2 electrode
at 250 volts for four different grid or No. 1 electrode potentials. The
shapes of the equipotential surfaces in the grid openings are roughly
indicated. With the grid at seventy-six volts positive, approximately
geometrical shadows of the grid wires appear as indicated on the anode
with temperature -limited space current. The grid is here approximately
at its space potential, the calculated value of which -is seventy-eight
volts. A similar trace pattern was' observed with space -charge -limited
current with the grid at its correspondingly lower space potential. In
both cases the equipotential surfaces are parallel planes except in re-
gions very close to individual grid wires. In the same figure, the traces
for twenty-two and five -tenths volts positive'and for zero volts on the.
grid correspond, respectively, to focus of the electron beam on the
anode and between the anode and grid. These two cases are for space -
charge limitation of the current. The fourth section of the figure shows
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the result of placing the grid above its space potential at 172 volts
whereby the grid opening becomes a diverging lens and the traces of
adjacent beams overlap, as indicated, on the anode.
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The actual appearance of the beam traces for these four cases is

shown in Fig. 2, which is a group of four photographs of the anode of
the triode of Fig. 1 for the above four conditions. The preceding two
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Fig. 2-Beam traces on an anode.

figures are representative of the manner of beam formation not only
for the plane grid structure, but for a helical grid in a cylindrical struc-
ture at different but corresponding potentials. In the cylindrical case,
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the traces for focus often have a width one tenth or less of the distance

between traces and are very sharp edged.
Figs. 3 and 4 are maps of the equipotential surfaces obtained by

means of a field -mapping apparatus on a 75 -to -1 scale model of the
triode of Figs. 1 and 2. The potentials are there shown as percentages

of the anode potential; the grid potentials correspond in percentage to

the actual potentials of Figs. 1 and 2. The field maps for the grid po-
tentials of nine and zero per cent cannot, of course, correspond accu-
rately to those existing in the observations of beam traces above, be-
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mapping niiparatus. 'file two !naps in(licate the kind of field in the
grirl opening which constitutes a converging lens. The aliove figures
awl data illustrate the fact that the space current can be segregated

into ben ins vdthoul, the cutting off of emission from any part of the
tbode.

Fig, 5 sho\s's n cylindricril1111(/(1(!, 01' No. 2 electrode, ft coaxial cath-
ode, find two longitudinnlly pInced wire;; constituting the hewn -forming

01' No. 1 electrode. with the hater at forty volts negative bias, two
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1,11o. PALliork tuirf:o.,(: for 1,11:1.1, (Imo! intlicalps LW, a considerable part of
the entbode cut, off ns regnrds emission, unlike the case or Lilf!
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mentioned device for similarly narrow beams. The map for zero bias
of No. 1 electrode shown in the upper half of the figure indicates no
cutoff of emission at the cathode.

In Fig. 6, a typical instance of the manner in which the width of
the beam trace varies with anode potential is shown. The unlabeled
electrode is the cathode in this and all following figures. For a positive
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bias on the beam -forming electrode, an increase of anode potential
causes a decrease of beam width, while for a negative bias the reverseis true. This illustrates a behavior which proves to be general except in
such structures and at such potentials that a crossover or focus of thebeam occurs before it reaches the anode. The constancy there shown ofthe beam width for zero bias of No. 1 electrode is typical of closelyspaced structures for anode potentials above a certain value for eachparticular structure. At anode potentials lower than that value the
traces are observed to increase in width in some cases, before they be-come invisible. There are several causes tending to spread the beam at
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such low potentials, and it cannot be said at once which of these pre-

dominates.
Corresponding beam formations by longitudinal wires have been

observed for numbers of wires from one to eight, and for a wide range

of wire diameters and spacings from the cathode.
Fig. 7 shows a case in which the two wires are much larger than the

cathode. It also shows the constancy of beam width when the ratio of

the potential on No. 2 to that on No. 1 is kept constant. This illustrates

another general behavior subject to qualification for low potentials as

above.
TUBE N2100

T-1

Fig. 7-Constant ratio of electrode potentials.
No. 2 volts

No. 1 volts
T (inches)

No. 1 volts
No. 2 volts

=3

No. 1 ma

-20 60 0.8 0.02
-30 90 2.0 0.02
-40 120 3.3 0.02
-60 180 7.2 0.02
-80 240 12.1 0.02

-100 300 15.5 0.02.

Fig. 8 shows an example of the way in which beam width and cur-

rent vary simultaneously with negative bias on a two -wire beam-form-

ing electrode. Fig. 9, derived from Fig. 8, shows the constancy of the

current -to -width ratio over a considerable iange. It should not be con-

cluded from this that the current per unit width is constant throughout
the beam. Actually a "piling -up;' of current at the sharp edges of a
wide beam is often observed. No generalization of current -to -width

ratio or of current distribution in beams can be made at present.
Such two -wire structures, while useful for beam formation alone,

have a very poor control over the space current. In Fig. 10, however,

a beam -forming structure No. 1 is shown which gives a transconduc-

tance more nearly of the conventional order and also a segregation into

a rather narrow beam. The coated area of the cathode is about seventy-

five per cent of that of an RCA -57 cathode of the same size. The struc-
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IV. Discussiox OF 011sI:EvATIONs

From the above and many other observations. certain simple

PrinciPb's can be formulated which are' sufficiently general in their
"PPlkabilitY to constitute a valuable basis for the design 1.4 beam de-

vices of the kind pres.nted here. With reference to small triode :,true-
turozz operated space -charge limited and to anode potentials above a
value which varies with the structure but which is usually of the order
of twenty volts, the observations support the following statements:

(1) A nonemitting electrode operating: at cathode potential and

constituting a part If the cathode or interveninff between it and the
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anode determines, on the anode, trace patterns which are constant with
varying anode potential.

(2) If the ratio of the potential of the intervening electrode to that
of the anode is kept constant, the beam traces are also constant. This
generalization, of which the preceding is a special case, is consistent
with a corresponding mathematical generalization on electron paths
where initial electron velocities are zero, as expressed by Langmuir and
Compton.' The error caused by initial velocities has been too small to
be observed in the small structures used except, as mentioned above, at
low electrode potentials.

(3) If a thin electrode containing an opening is introduced between
cathode and anode in such a way as to conform to a previously existing
equipotential surface, the opening acts upon the electron stream through
it as a converging or a diverging lens, according to whether the elec-
trode is below or above its space potential, respectively. The opening
has approximately no deviating effect upon the stream when the elec-trode is at its space potential. In the latter case a grid is observed to
form on the anode a shadow pattern which is a geometrical projectionof itself.

In many structures, the converging effect of an opening may besuch, at suitable potentials, as to give a focus or crossover of the elec-
tron stream either at or before the anode as in Fig. 1. In other struc-
tures such as that of Fig- 5, the divergence of the beam entering the
opening may be so great as to prevent the formation of such a focus at
potentials less negative than those at which there is complete cutoffof the space current.

(4) In structures according to (3) and at such potentials that nofocus occurs, it caii be said that an increase of anode potential decreases
the dimensions of the beam trace when the apertured electrode is posi-tive and increases them when that electrode is negative. For the rangeof potentials in which one crossover of the beam occurs the reversestatement is true.

(5) For low positive, zero, or negative biases of the beam -formingelectrode there may be faint, sharp-edged beam traces on the anodecorresponding to a minor beam system which behaves somewhat dif-ferently from the accompanying major beani system. This minorsystem, often clearly distinguishable from any distortion fringing ofthe major traces, has its origin in a virtual source formed by thoseelectrons which go directly toward a beam -forming element at whichthey cannot arrive because of its zero or negative potential. Such
3 I. Langmuir and K. T. CoMpton "Electrical discharges in gases," Part II,Rev. Mod. Phys., vol. 3, p. 252; April, (1931).
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electrons are diverted at some region relatively close to the element and
thus form a weaker trace pattern which behaves differently from the
major traces. This minor pattern disappears abruptly at some low
positive potential on the beam -forming element, indicating that the
electrons in question are absorbed by that element. Some structures of
the type of Fig. 1 show this minor system clearly. The current in such
a minor system is usually a small percentage of that in the major sys-
tem. Suitably placed screen grids and other electrodes at positive po-
tentials may, for practical purposes, be sufficiently nearly "currentless"
without resort to suppression of the minor beam system. Where the
beam -forming electrode is an integral part of the cathode base struc-
ture, the minor beam system may be entirely absent. Such an arrange-
ment constitutes a means for avoiding these undesired beam forma-
tions.

(6) Another effect which can be misleading in the investigation of

beam behavior is the appearance on an anode of a general diffused
luminescence which is characterized by the absence of sharp boundaries.
The conclusion which has sometimes been drawn that this diffused
bombardment is evidence of inefficient beam formation is erroneous in
many cases. Such diffused glow is usually present and is caused by high
velocity secondary electrons originating at the major traces and re-
turning to the same electrode with sufficient velocity to cause lumines-
cence. The conclusive evidence in certain cases is that, when a beam of
cross section determined by the major trace on an anode is let through
a slightly larger opening in a similar anode and collected by a more
remote electrode at higher potential, there is no diffused luminescence
on the apertured first anode and its current is very small. Moreover, in
the development of devices having positively operated low -current
screen and control electrodes the suppression of secondary emission
from the anode by slotting or by coating it with soot from a flame re-
sults in a large reduction in the residual current to those electrodes
even when they are from twenty to forty volts below anode potential.
Other observations on specially made devices have confirmed the above
interpretation.

(7) Insulator surfaces close to the electron stream act as additional
electrodes. Observations by means of beam traces show very clearly
the effects of adjacent mica, glass, or other insulators. The effects of
such surfaces are consistent with those of so-called "floating" conduc-
tors similarly placed. If an insulator surface has, under particular con-
ditions, the ability to emit secondaries in excess of the impinging pri-
maries then it can be made to assume either of two stable "floating"
potentials. One of these is close to cathode potential, the other is some
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ture consists of a helical wire grid enclosed in a sheet -metal cylinder

with a slit as indicated. The wires of the grid are thus transverse with

respect to the longer dimension of the rectangular section beam formed

by the slit and, while they cause the beam trace to be divided up into

sections along that dimension, they do not seriously distort it in its

shorter dimension.
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IV. DISCUSSION OF OBSERVATIONS

From the above and many other observations, certain simple
principles can be formulated which are sufficiently general in their
applicability to constitute a valuable basis for the design of beam de-

vices of the kind presented here. With reference to small triode struc-
tures operated space -charge limited and to anode potentials above a
value which varies with the structure but which is usually of the order
of twenty volts, the observations support the following statements:

(1) A nonemitting electrode operating at cathode potential and
constituting a part of the cathode or intervening between it and the



1286 Thompson: Electron Beams

anode determines, on the anode, trace patterns which are constant with
varying anode potential.

(2) If the ratio of the potential of the intervening electrode to that
of the anode is kept constant, the beam traces are also constant. This
generalization, of which the preceding is a special case, is consistent
with a corresponding mathematical generalization on electron paths
where initial electron velocities are zero, as expressed by Langmuir and
Compton.' The error caused by initial velocities has been too small to
be observed in the small structures used except, as mentioned above, at
low electrode potentials.

(3) If a thin electrode containing an opening is introduced between
cathode and anode in such a way as to conform to a previously existing
equipotentialsurface, the opening acts upon the electron stream through
it as a converging or a diverging lens, according to whether the elec-
trode is below or above its space potential, respectively. The opening
has approxilnately no deviating effect upon the stream when the elec-
trode is at its space potential. In the latter case a grid is observed to
form on the anode a shadow pattern which is a geometrical projection
of itself.

In many structures, the converging effect of an opening may be
such, at suitable potentials, as to give a focus or crossover of the elec-
tron stream either at or before the anode as in Fig. 1. In other struc-
tures such as that of Figf 5, the divergence of the beam entering the
opening may be so great as to prevent the formation of such a focus at
potentials less negative than those at which there is complete cutoff
of the space current.

(4). In structures according to (3) and at such potentials that no
focus occurs, it can be said that an increase of anode potential decreases
the dimensions of the beam trace when the apertured electrode is posi-
tive and increases them when that electrode is negative. For the range
of potentials in which one crossover of the beam occurs the reverse
statement is true.

(5) For low positive, zero, or negative biases of the beam -forming
electrode there may be faint, sharp -edged beam traces on the anode
corresponding to a minor beam system which behaves somewhat dif-
ferently from the accompanying major beam system. This minor
system, often clearly distinguishable from any distortion fringing of
the major traces, has its origin in a virtual source formed by those
electrons which go directly toward a beam -forming element at which
they cannot arrive because of its zero or negative potential. Such

3 I. Langmuir and K. T. CoMpton "Electrical discharges in gases," Part H,Rev. Mod. Phys., vol. 3, p. 252; April, (1931)...
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elect rons are diverted at some region relatively close to the element and
thus form a weaker trace pattern which behaves differently from the
major traces. This minor pattern disappears abruptly at some low
positive potential on the beam -forming element, indicating that the
elect roes in question are absorbed by that element. Some structures of
t he type of Fig. l show this minor system clearly. The current, in such
a minor system is usually a small percentage of that in the major sys-
tem. Suitably placed screen grids and other electrodes at positive po-
tentials may, for practical purposes, be sufficiently nearly "currentless"
without resort to suppression of the minor beam system. Where the
bearn-forming electrode is an integral part of the cathode base struc-
ture, the minor beam system may be entirely absent. Such an arrange-
ment constitutes a means for avoiding these undesired beam forma-
tions.

(6) Another effect, which can be misleading, in the investigation of
beam behavior is the appearance on all anode of a general diffused
luminescence which is cluira eterized by the absence, of sharp boundaries.
"rho conclusion which has sometimes been drawn that this diffused
bombardment, is evidence of inefficient beam formation is erroneous in
)natty eas.es. Such diffused glow is usually present and is caused by high
velocity secondary electrons originating at I/10. major traces and re -
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positive potential usually less than that of the highest potential elec-
trode in the device. A transient rise of potential of the insulator can be
communicated to it inductively so as to shift it abruptly from its lower
to its higher stable value. A sudden change of beam -trace pattern re-
sults. It was by means of such observations that a certain erratic be-
havior of developmental forms of the RCA -58 and other tubes was
found to be associated with the polarization of the glass envelope at
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the higher of the two "floating" potentials. Reduction below the one-
to-one value of the secondary emissivity of the interior surface of the
glass by coating it with finely divided material such as carbon elimi-
nated the existence of the upper floating potential and the behavior
associated therewith.

V. DEVICES UTILIZING ELECTRON BEAMS
(1) Low -current positive potential electrodes.
In Fig. 11 is shown a two -beam device employing a beam -forming

and space -current controlling electrode No. 1 according to Fig. 10.



Thompson: Electron. Beams 12S9

The No. 2 electrode may be regarded as the equivalent of a screen grid.
For the data shown, the No. 3 electrode is combined with the No. 4
cylinder as an anode. The cathode is of the RCA -57 size, but with a
coated length seventy-five per cent of normal. With this in mind, it is
apparent that the transconductance of 870 micromhos shown is only
moderately lower than normal while the space current is segregated into
two beams so that the No. 2, or screen, electrode at 150 volts receives
only 0.7 per cent of the space current of four milliamperes at a No. 1
bias of zero. This occurs although the projected area of No. 2 electrode
is seventy-four per cent.
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Fig. 12-Anode and screen current in an eight -beam structure.

In the device of Fig. 12, an eight -wire No. 1 electrode has its ele-
ments in register with the eight wires of the No. 2 or screen electrode.
At the voltages shown the No. 2 electrode receives only 0.2 per cent
of the space current at five milliamperes although its projected area is
9.7 per cent. A grid -plate transconductance of 1100 micromhos is ob-
served at five milliamperes.

The device of Fig. 13 has the wires of its No. 2 electrode 2.67 times
as large as those in the preceding device but is otherwise the same. One
curve shows the anode current as a function of the potential of the
No. 2 electrode over a positive range. Such an electrode is thus an
example of a low -current positively operated control electrode but its
transconductance is extremely poor. Considered as a screen electrode
at 150 volts, it receives 0.7 per cent of the anode current although its
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projected area is 25.9 per cent. The increase of current to electrode No.
2 above 150 volts is due almost entirely to secondary electrons from
the anode. The low current to No. 2 below 150 volts might be thought
to be due to loss of secondary electrons from it. That part of the char-
acteristic (not shown) shows very little indication of the flattening ob-
served where secondary emission is considerable. There is ample other
evidence that segregation and not secondary emission is the cause of
the low current to No. 2.

In the device of Fig. 14, a four -wire longitudinal No. 1 electrode has
its openings in register with the four slits of a cylindrical screen or No.
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Fig. 13-Low screen current in an eight -beam structure.

2 electrode with a projected area of fifty-nine per cent. The No. 3 and
No. 4 electrodes are used together as an anode for the data shown and
their peculiar form has no significance for this discussion. Current to
the No. 2 electrode at 100 volts positive is about one per cent of the
space current when the latter is ten milliamperes.

In the device of Fig. 15, a cylindrical cathode has its emitting area
confined to a helical band flush with the equal intervening nonemitting
area. The helical emitting band is in register with the openings of a
helical wire grid or No. 1 electrode. The helical nonemitting area of
the cathode is essentially a beam -forming electrode combined with the
cathode and has the effect of confining the beams from the emitting
area to the spaces between grid wires. In addition to this nonemitting
portion of the cathode two uncoated wires are placed along the cathode
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in register with the two support wires of the grid in order to shield them
from electron reception. Both No. 1 and No. 2 electrodes are sooted to
suppress secondary emission. Grid and anode currents are shown for a
positive range of grid potentials. At a grid potential equal to anode
potential, only 0.7 per cent of the space current is taken by the grid
although its projected area is 10.7 per cent. It will be readily accepted

100

80

60

40

20

0

-I I -_LI_H7_=H_Iii_l I 1 L -1-1-1-1 I

TUBE N2124

N24- N21 37.
o;,---

0. o o 0
).-

°)
E

- - - -
N23

I 0

k-73 05 I.
---.1

D:.4

N3
N22

--
ct

Q.

___

N22 VOLTS = 100
N 23 VOLTS
N 24 VOLTS

= 250
= 250

_

-_____

... _

I- 1-1-I- I I-
L__[___i_r_,

L__ _,

...,

0 _I

11...5 _

-r- il
-t-

_ __ .

1

_

_ _I

s
III .-I

-- - m

III

0 -16 -12 -a
ELECTRODE N21 VOLTS

-4

0

8

2

0

Fig. 14-Low screen current in a four -beam structure.

that the grid at three hundred volts, or fifty volts above the anode
potential, does not lose an appreciable percentage of its current by
means of secondary emission. Nevertheless the grid there receives
only 1.4 per cent of the space current. This constitutes convincing
evidence that there is efficient segregation of the space current into
beams in the device. It is to be noted that the space current thus segre-
gated and utilized is considerable, being 180 milliamperes to an anode
one inch long and three quarters of an inch in diameter, at 250 volts,
with the grid at 300 volts. Structures with similar properties have been
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made in which the grid elements are all parallel to the cathode axis
and in register with corresponding nonemitting strips on the cathode.
Such devices can be used as amplifiers of classes B and C with dimin-
ished input loss and distortion: In cases where secondary emission from
the anode can be effectively suppressed, a new range of operability is
made possible, that in which the positive peak voltage of the grid
oscillation is greatly in excess of the simultaneous anode potential.
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(2) Special mutual characteristics by means of varying beam width.
In the device of Fig. 16, the beam -forming and controlling electrode

No. 1 is of the two -wire longitudinal type. The electrode No. 2 has two
slits registering with the openings of No. 1. The anode consists of Nos.
3 and 4 in combination and their peculiar form may be disregarded
for the purposes of this figure. The graph shows that, for large negative
bias of No. 1, the two beams formed by it pass through the slits of No.
2 without contributing appreciable current to the latter. As the bias on
No. 1 is decreased, current begins to flow to No. 2 when the beams

00
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become too wide to pass through the slits, whereupon the increment of

space current with decreasing No. 1 bias is transferred entirely from

the anode combination to the No. 2 electrode as is clearly shown. This
result is consistent with the constancy of the ratio of current to beam
width shown in Fig. 9. Such a device is typical of a class of devices in
which variation of beam width is used to redistribute the space current
among positive electrodes in a manner which can be predetermined so
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as to give those electrodes mutual and impedance characteristics of
various kinds desirable for special purposes. Such characteristics are,
in many cases, quite impossible to attain with devices depending on
space -charge properties alone. In the above device, for instance, the
current to Nos. 3 and 4 shows an upper limit equivalent in effect to
emission saturation but not subject to the impracticality of the latter
condition. It also illustrates the sharpening of the cutoff on the No. 2
characteristic which results from the rejection onto Nos. 3 and 4 of the
smaller values of space current while No. 1 is very negative. Devices,
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similar in principle but with larger numbers of No.1 elements have been
made and found to operate in similar fashion but with higher transcon-
ductance. The electrode No. 2 has been replaced by one consisting of
slats placed normally to the beam paths and occupying the positions
of the slits in the device shown. Thereby the functions of the No. 2
electrode and the anode are inverted. Suitable shaping of the bound-
aries of 'the openings in the No. 2 electrode in that case can be made
to alter the relation of anode current to No. 1 voltage, making it either
linear or some other predetermined form.
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300

(3) Special impedance characteristics-Negative impedance devices.
The device of Fig. 17 is identical with that of the preceding figure,but is used differently as indicated. The volt-ampere characteristic ofelectrode No. 3 is shown with the other potentials as there stated. No.3 consists of two wires of 0.020 -inch diameter placed parallel to thecathode and in register with the slits of No. 2. For the potentials shown,

the field outside of No. 2 is decelerating and focusing in its effect uponthe beams emerging therefrom. A beam is focused before reaching a.No. 3 wire when the latter is at low positive potential and the electronspassing through this focus return to No: 2 by orbital paths and formthereon traces readily seen on each side of the slit. As No. 3 potentialrises, the focus of a beam approaches and finally arrives on No. 3,when its current becomes the maximum value shown by the graph.The further rise of No. 3 potential gives the falling or negative imped-
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ante portion of the characteristic as shown. This decrease of current
to No. 3 is caused by the recession of the beam focus to a region between
Nos. 3 and 4 and the consequent return of most of the electrons to No.
2. Thus, the negative impedance of No. 3 may be said to be due to a
process of defocusing with respect to that electrode. A variety of de-
vices are operable upon this principle. It is noteworthy that the nega-
tive slope occurs while the potential of No. 3 is higher than that of any
other electrode in the device, thus entirely excluding the possibility
that secondary emission from No. 3 is responsible for its negative im-
pedance.
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Fig. 18-Negative impedance by change of electron trajectories.

In the device of Fig. 18, the two -beam electron "gun" projects its
beams tangentially with respect to the equipotential surfaces of a
roughly radial electric field existing between Nos. 3 and 5. The latter is
shown at a positive potential of twenty-two volts but has also been
used at zero and negative potentials. No. 4 may have any positive
potential in a wide range. As the potential of No. 3 is increased, the
electron trajectories increase in length as indicated by the successively
longer dotted lines shown on the drawing of the device. Eventually, the
beams miss No. 3 entirely and are received on No. 4. During the transi-
tion of the beams from No. 3 to No. 4, the former has a negative im-
pedance as shown. As in the preceding device, such negative impedance
cannot be caused by secondary emission. This device was rendered
slightly gassy and the beam paths were clearly seen to behave as stated.
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Another negative impedance device, not shown, has been made in
which the property stated under Section IV, Subsection (4), is utilized.
The structure consists of, in order: a cathode, a beam -forming electrode
used at a positive potential, a registering slit electrode used at a higher
positive potential, and an anode or collector used at a still higher po-
tential. At some potential on the slit electrode, each beam passes through
its corresponding slit and the current to the electrode is small. As the
potential of the slit electrode is decreased, each beam becomes too wide
to pass through the corresponding slit; hence the current to the electrode
increases and a negative impedance results.

The last three devices are examples of a class of devices in which
the negative impedance of an electrode is due to its direct electrostatic
effect upon the electron paths in such a way as to divert current from
itself as its potential increases. No co-operating changes of potential
on other electrodes are necessary and the device is functionally equiva-
lent to a secondary -emission dynatron and has the advantage that the
constancy of its negative impedance is dependent on geometrical con-
stancy of the structure and not upon the sometimes unreliable second-
ary emissivity. Such devices have been made to oscillate at audio fre-
quencies and at fifty megacylces. The starting and stopping of oscilla-
tion are accompanied by visible changes in the trace patterns.

(4) Luminous trace voltmeters.

The width of a beam trace, or of the dark space between traces, is a
measure of the potential of the beam -forming electrode relative to the
potentials of other electrodes in the device. This property is illustrated
in Figs. 1 and 8. It has found application in tube voltmeters in which
the "pointer" is the edge of a luminous trace, and the scale is the sur-
face of the electrode carrying the trace. Such a device, the RCA 6E5,
is now used commercially as a tuning indicator and for other purposes.
The convenient form of the structure in this case is largely due to
H. M. Wagner. The beam -forming electrode is here actuated by the
output of a triode amplifier included in the tube.

VI. CONCLUSION

A new array of properties of electron discharge devices is introduced
by systematically utilizing beam formation. The combination of these
new properties with those already in use furnishes an augmented sup-
ply of means for the improvement of existing types of devices, and for
the creation of devices having entirely new properties to fulfill the new
requirements which inevitably arise.

Experience with such structures as represented here indicates that
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the utilization of beam formations is consistent with economy of cath-

ode power and with the attainment of conductances and transconduc-

tances of magnitudes within the useful range even at low voltages. The

difficulties of design of such structures are considerable in the present

stage of the art. The difficulties of construction are, in many cases, not

extraordinary.
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TRANSMISSION OF ELECTROMAGNETIC WAVES
IN HOLLOW TUBES OF METAL*

By

W. L. BAnnow
(Massachusetts Institute of Technology, Cambridge, Mass.)

Summary -Electromagnetic energy may be transmitted through the inside of
hollow tubes of metal, provided the frequency is greater than a certain critical value;
this value is inversely proportional to the tube radius and to the dielectric coefficient
for the tube interior. Calculations and measurements of the more important character-
istics of this new kind of transmission system have been made, and the conditions
for minimum attenuation obtained. Terminal devices for connecting a hollow pipe
system to a biconductor system and others, in the form of horns, for directly radiating
radio waves, have been developed; these electromagnetic horns may also be fed with
ordinary coaxial lines. Certain types of terminals act as sharply resonant hollow tube
elements. Several independent communication channels may be established with-
in a single pipe line by utilizing distinct types of waves for each channel in a
unique kind of multiplex operation. :1 section of a hollow tube may be used as a
high-pass filter. Although presupposing adequate technique for the generation and
utilization of the shortest radio waves, this new system possesses several features,
among which are a minimum dielectric loss, substantially perfect shielding, and a
simplicity of structure.

INTRODUCTION

7 1HIS paper deals with the transmission of electromagnetic energy
at high frequency through the inside of hollow tubes of metal.
Although single conductor and multiple conductor transmission

circuits of -wire, cable, and concentric tube form have been employed
for guiding radio -frequency energy from one point to another, the in-.
terior of a hollow conducting cylinder does not appear to have been
previously suggested or used in this capacity.'

The literature is singularly sparse on the subject of waves within

" Decimal classification: 11110. Original manuscript received by the In-stitute, May 15, 1936. Presented before joint U.R.S.I.-I.R.. meeting, Washing-ton, D. C. May 1, 1936, and before Boston section of the I.R.E., May 22, 1936.' Some time after this paper was scheduled for presentation before this1:.R.S.I.-I.R.E. meeting, the author received a communication from Dr. G. C.Southworth of the Bell Telephone Laboratories, stating that they had also beenworking on this problem and had two papers in preparation which have sinceappeared in the Bell System Technical .Tournal. These papers are entitled "Hyper -Frequency Wave Guides" and are by G. C. Southworth2 (General Considera-tions and Experimental Results) and J. R. Carson, Sallie P. Mead, and S. A.Schelkunoff3 (Mathematical Theory).
2 G. C. Southworth, Bell Sys. Tech. Jour., vol. 15, pp. 284-309; April, (1936).3 J. R. Carson, Sallie P. Mead, and S. A. Schelkunofi, Bell Sys. Tech. Jour.,vol. 15, pp. 310-333; April, (1936).
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conducting cylinders. Heaviside,' Thompson,' and Rayleigh' gave brief

discussions of limited aspects of the problem. Indeed, Heaviside indi-

cated at one point' that waves could not be sent through a uniform tube

without a second center conductor. Rayleigh's paper (1897), although

confined to perfectly conducting tubes, differentiates between the

various possible types of waves and obtains the critical frequencies

below which they cannot exist. Although somewhat related, the work

of Hondros and Debye,8 of Zahn,9 and of Schriever" on waves on
dielectric wires applies to a. different physical situation. The recent

paper by Schelkunoff" is confined to problems associated with coaxial

conductors. The hollow conducting cylinder, apparently lost sight of

since Rayleigh's original paper, reappeared in the literature in a paper
by Bergmann and Kruegel" (1934), who measured both the field inside

a short hollow metal cylinder and the radiation from its open end when

a half -wave coaxial antenna. was properly excited; the use of hollow

pipes for the conduction of ultra -high -frequency energy was not sug-

Metal tube \ Dielectric

tube
Sending or receiving terminal)

"
..../

" apparatus

Fig. 1-Elements of a hollow tube transmission system.

gested. The transmission characteristics and the attenuation in finitely
conducting pipes as well as means for exciting and for receiving the
waves at the ends have not been previously discussed.*

A hollow tube transmission system (see Fig. 1) would comprise

(1) A single metal conductor in the form of a tube or pipe having
appropriate dimensions relative to the frequency of the excitation and
having its interior filled with dielectric material in gaseous, liquid, or

Oliver Heaviside, "Electrical Papers," (1892), Reprint, Boston, (1925),
vol. I, pp. 443-467.

6 J. J. Thomson, "Recent Researches in Electricity and Magnetism," Ox-
ford, (1893), p. 344.

6 Lord Rayleigh; "Scientific Papers," (1897), vol. IV, pp. 227-280.
Oliver Heaviside, "Electromagnetic Theory," Electrician Pr. and Pub.

Co., London, (1893), vol. I, p. 399 et seq.
D. Hondros and P. Debye, Ann. der Phys., vol. 32, p. 465, (1910).

9 H. Zahn, Ann. der Phys., vol. 49, pp. 907-933, (1916).
" 0. Schriever, Ann. der Phys., vol. 63, pp. 645-673, (1920).
" S. A. Schelkunoff, Bell. Sys. Tech. Jour., vol. 13, p. 533, (1934).
12 L. Bergmann and L. Kruegel, Ann. der Phys., vol. 21, pp. 113-138; Octo-

ber, (1934).
* Note added in proof. Mr. E. F. Northrup has written the author that he,

assisted by Mr. IV. Wrighton, carried on some experiments in February, 1908,
on transmitting radiation through cardboard tubes covered with tin foil. These
early unpublished experiments were abandoned after several weeks' work.
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solid form, or evacuated, connecting the sending and the receiving
points :

(2) A terminal device at each end of the tube for connecting the
uniconductor hollow tube proper to the biconductor sending and re-
ceiving apparatus for supplying modulated high -frequency energy at
one or both ends and for receiving and demodulating the energy trans-
mitted to the opposite end: or

(3) One terminal device as in (2) at one end and a device at the
other end for radiating the transmitted energy into the atmosphere
directly.

The transmission circuit is formed by the dielectric material or
vacuum filling the tube interior and the inner surface of the conducting
tube. The tube acts not only as the conductor for the transmission
system but also as a highly effective shield against interference, be-
cause, at the high frequencies to be used, the skin effect confines the
circuit substantially to the interior of the tube. Operation with currents
whose free -space wave length is much less than one meter is necessary
if the tube size is to remain reasonably small. Hence, the commercial
use of hollow tube systems, which presumes adequate technique for
generation, amplification, etc., of the shortest radio waves, will prob-
ably not be an immediate development. Nevertheless, this type of
high -frequency circuit possesses several desirable features, such as the
following: a minimum of dielectric. loss, substantially perfect shielding,
presumable low cost of construction and installation, and possibility
of rugged mechanical design. It would seem that a hollow tube might
be the ideal "conductor" for waves of several centimeters length and
less, as naturally suited to this region of the spectrum as a pair of cop-
per wires is to the lower frequency region. In view of the rapid develop-
ment at this time of ultra -high-frequency technique for telephone,
telegraph, and television purposes, an investigation of the possibilities
and limitations of the hollow tube transmission system is of immediate
interest. This paper presents some of the results of a theoretical and
experimental study carried on by the author for some years. The
electromagnetic and the circuit characteristics of the hollow tube pro-
per are first presented; this part of the system may be analyzed rigor-
ously because of its simple geometrical configuration. Terminal/ de-
vices are then discussed qualitatively; this part of the system has not
yielded to mathematical analysis. Finally, the results of an experimen-
tal investigation are presented in which the major aspects of the theory
are substantiated.
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EQUATIONS FOR THE HOLLOW TUBE TRANSMISSION SYSTEM

The geometrical configuration is shown in Fig. 2 (a) where an in-
finitely long hollow cylinder is assumed to be cut out of a homogeneous
conductor of otherwise infinite extent. The space inside of the cylinder
is assumed to be a nonconductor of dielectric constant el and permea-
bility pi; it might be vacuum, air, or some other gas at a suitable pres-
sure, a liquid, or an appropriate solid material. The conductor is as-

sumed to have a conductivity o and a permeability 1.12. The current
penetration into metallic conductors at the frequencies of interest in
this problem is so small that the equations developed below apply with
accuracy to metal tubes of ordinary thickness of wall. Analytically, it

\
toSo _9 AILS a

1s1 Dielectric

-
14,

r/l/././.44(//1
Conductor

ai  142

(a)

- - - - -Axis- -
Dielectric

_ Metal

lb)

Fig. 2-(a) Polar co-ordinates for cylindrical cavity in conducting medium of
infinite extent.

(b) Configuration of actual electromagnetic pipe.

is more convenient to assume that the conductor is unbounded exter-
nally; actually, the transmission system under consideration is bounded
and is a metal tube or pipe such as that shown in Fig. 2 (b).

A practical system of units will be used throughout this paper,
wherein:

E = electric field intensity in volts per centimeter
H = magnetic field intensity in amperes per centimeter

= conductivity in mhos per centimeter
/A = permeability in henrys per centimeter

(For air, It = µD = 4r  10-9)
6 = dielectric constant in farads per centimeter

(For air, e = co =10-11/36r)

c =1/\47o7o= velocity of light = 3 X10" centimeters per second.
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The Maxwell equations in this notation are

Differential form Integral form

a EE
curl /I = crE +

at
H  ds = f (o-E + ata6E) da (1)

curl E =
apH

at
E  ds = -

di
f /211 da (2)

Our interest lies in the propagation of waves with a simple harmonic
time variation of angular frequency w=27rf radians per second down
the inside of the tube in the positive direction. We therefore introduce
the exponential factor Chx+" into the field vectors E and H in the
following manner:
We put E = Ee-hx+iwt

H = He-hr-Fica (3)

and let the new E and H be independent of both x and t; they may be
functions of r and 4. The quantity h is the propagation constant. In
general, it has a real part a, the attenuation constant, and an imaginary
part, 0, the phase constant. The determination of h =a +/,0 is one of
the principle undertakings of this investigation. In order to have (3)
represent a wave traveling in the +x direction, we must always take
the root of h with a positive real part. If we substitute (3) into (1) and
(2) and transform to the cylindrical co-ordinates of Fig. 2(a), the result-
ing six equations may be divided into two groups, one of which cor-
responds to circular currents around the tube and the other to longitu-
dinal currents along it. The latter group alonen applies to our problem
where the field will have the general properties,

E = Ex, Er H Ho
a= Hz = Hr. = - 0.

aCk

13 The analysis presented here applies specifically to the lowest mode ofoscillation obtainable when the field is describable by E2j Er, and 14, and thistype of wave will be referred to as "longitudinal." The experimental work, how-ever, includes the case of the lowest frequency mode appropriate to the set H2,Hr, and E4,, and this wave type will be called "transverse." The higher modes ofoscillation, of which there are a great number, have not been investigated bythe author. The following analysis is based on the method developed by A.Sommerfeld" for the related problem of waves on wires.
14 A. Sommerfeld in Riemann-Weber, "Differential- and Integralgleich-ungen," F. Vieweg & Sohn, Braunschweig, .vol. II, 7th edition, (1927).
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This group of three equnt ions is

/1

- -
u -1-- lom

(1E,
H.:, 1(001

= (.1e1

Substituting, (-hi) into (.111) and the result into (le) gives the expres-

sions for Ilya Er in iernls (if P.', and the ilifferentinl equatinui
Ex-, viz.,

The abbreviation

rr + d
11 =

1:2 -1- It= dr

h (1E,
r =

1:2 + 112 d r

d'E 1 (1E,- (1,72 + 112)E, = 0,
dr2 r dr

102 = 1.1 E - iwpo-

(h)

(7)

(8)

was introduced in the above expressions. The root of k having a posi-
tive imaginary part and a negative real part must always be used in
these calculations where the wave is propagated in the positive x di-
rection. The differential equation (7) is solved by the Bessel and the
Minkel functions15

o(r. 0:2 h2), II 01 (r '1.2 h2), 1102(r-vi1,:2 h2).

Proper choice of these solutions will give the field inside of the hollow
tube and the field within the metal conductor.

The two functions Ho' and Ho' become infinite at the center of the
hollow tube (r = 0) and hence Jo, which is finite for r = 0, must be used
to represent the field within the dielectric, denoted -by the subscript 1.
Adopting the notation

k12 = co2ligt, nl = ceN/Prei

16 Jahnke-Ernde, "Tables of Functions," Teubner, Leipzig, (1933).

(9)
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for the value of 7e within the dielectric and using the relation

dEz
= -C -\/k h2 Ji(r-Vki2 h2),dr

we obtain the following expressions for the field inside the tube:

Ex = CJo(r-V1e12 h2)

h

(10a)

In the
dielectric

Er = C Ji(r-Vki2 h2) (lob)
h2

iwEl
Ho = C Ji(r-Vki2 h2) (10c)

h2

where C is a constant determined by the strength of the excitation.
In the conducting wall of the tube (r > a) the solution Ho' must be

used to represent the field, because H02 becomes infinite at r = co and
Jo vanishes for r.--00 only as 1/V/ -r, which is not rapid enough to
satisfy energy conditions at infinity. A proof of this statement is given
by Sommerfeld.'4 Dropping the superscript 1 of Ho' and denoting the
value of k2 for the metal by k22,

k22 = CO2/22E2 2CO3U20-2 ry iWY20-2

7c2 = (- 1 i)

we obtain the following expressions for the field in the conducting wall
of the tube:

" (12a)Ex = AHo(r-Vk22 + h2)

.11In the Er = A + h2) (12b)
Conductor

.7-11(rA/k22.vk.22
+h2

0-2
Ho = A 11,(r- /k22 h2) (12c)h2

where A is another constant determined by the strength of the excita-
tion.

The quantities h and A/C areas yet undetermined. We may deter-
mine h by applying the boundary conditions of our problem to the
field expressions (10) and (12); the value of A/C is then determined
from these equations. The boundary conditions require the tangential
components of the electric field and of the magentic field to be contin-
uous at the tube surface r = a; i.e.,
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E ri(a) = E e2(a), 0(a) = ,;,2(a) (13)

Substituting in (13) the values from (10) and (12) gives the two equa-
tions

C.T o(a ki2 h2) = .4 II 0(a Nik:22 --I- 112) (1,1a)

?WE,
C ./i(a.v/k12 h2) = .1 _ (a v/k22 + 112). b)

Dividing (11a) by (1.1b) and rearranging, we obtain the transcen-
dental equation

iceeizi o(z) !IMO
rA(z) Ji(u)

= a v,,k,2 + /12
(15)

z = a yk.,22 + /12

This equation for h cannot be solved generally, but several special
cases can be solved; fortunately, they are the most interesting cases
from a practical viewpoint. The solutions of (15) will be obtained and
the other aspects of the transmission of electromagnetic waves in
hollow tubes will be developed in following sections,of this paper.

PERFECTLY CONDUCTING HOLLOW TUBES

The limiting case in which the conductivity of the tube is assumed
to be infinite is approached in certain respects rather closely with
metals such as copper and aluminum and it serves to establish the
approximate behavior of the system for large finite values of conduc-
tivity.

As o -.,--o0, k2 increases without limit, becoming an infinite complex
number with a positive imaginary part; therefore, 1/2<<k22, and the
left-hand side of (15) approaches the value zero, hence

YJo(Y)

Ji(y)
Consideration of the nature of the zero and the first order Bessel
functions shows that the equivalent of this equation is

J0(/) = 0 (16)

This same equation mayalso beobtained byan application of the bound-
ary condition for perfect conductors; viz., the vanishing of the tan-
gential component of the electric field on the surface of the conductor,
to the expression (10a), which gives

E x(a) = CJ o(y) = 0.
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This equation is identical to (16). The transcendental equation (16)
has an infinite number of roots yo, Y1,  The smallest root yo
= 2.4048 is the one of principal importance in the transmission of en-
ergy through the tube, and the waves corresponding to this root will be
called the principal waves and this mode of excitation the principal
mode. Auxiliary modes and waves associated with yi, 112,  will not
be treated in this paper.

.For the principal waves, the solution of (16) gives

or,

aVk12 h2 = yo = 2.4048

un 2

h2
1; 12 (17)

a

h_
A/(yo 2--) - ro2
a

Only real values of h2 <k12 can satisfy (17), hence it is convenient to
write

( YO)2
ki2

2

1 (-02/211 - -

= 1:13 (18)
2

://0
= 4/CO2/21E1 (real)

a

Thus we find that for perfectly conducting tubes, h =0+0 - there is
no attenuation and the phase constant is given by (18). When the fre-
quency f of the excitation is too low, )3 is imaginary and there can be
no wave propagation down the tube. When the frequency is high
enough, waves are propagated without attenuation at a phase velocity
w/13 that varies with the tube radius. Thus, the frequency spectrum
for any tube may be divided into a region of complete attenuation in
which the tube is opaque and a region of perfect transmission in which
the tube is transparent. The two regions are separated by the critical
frequency fo

JO
Yo 1

ar-Viulei a

f < f  complete attenuation
> Jo  perfect transmission

(19)
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For frequencies within the region of perfect transmission the following
expressions are obtained :

Wave length in tube = X =
0 ..-.JO

/3

Phase velocity = =
i3

Group velocity =

Ito

1

-
= -

(Op if

(ice

12(1)

Equations (18), (19), and (20) will now be discussed for an ideal
dielectric Pt= PO, E I = E(1, the case closely approximated by air and most
other gases. It is convenient, to substitute in the equations

= moo = 1/c2,

whereupon we obtain

For air, etc.

El = E0

P1 = Po

=

.fo ----

a

cyo 1 1

1.14S X 10" -
97i a a

C

Xo = 2.615a
fo

2,

w- -
C a

co

VP =

c2
Vo = - 

(21)

Vp

The critical frequency fo is inversely proportional to the tube radius
a, hence the smaller the tube, the larger the frequency of operation.
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Numerical values of fo are given by the curve of Fig. 3, where the cor-
responding critical free -space wave length Xo = c/fo of the excitation

10

10

cti

109

A

fo

5 10
TUBE RADIUS IN CM.

50

200

100

50

10

5

100

Fig. 3-Critical frequency and critical free -space wave length vs. inner
radius of tube.

has also been plotted. The practical application of the h011ow tube
transmission system, if restricted to tube diameters of 4 to 100 centi-

REGION OF 1
COMPLETE

ATTENUATION 4

REGION OF \
PERFECT

TRANSMISSION

v -

x

N

FOR
a= 5 cm.

"° Et= E. I-4r=Po

N

1 I2 F. 4 6 8
A...003 FREQUENCY IN CPS x 10

Fig. 4-Illustrating the transmission characteristics of a perfectly
conducting pipe.

meters, clearly requires the use of frequencies between 2.3 X 108 and
about 6 X108 cycles; i.e., wave lengths in free space ?ke of the excitation
between about 5 and 100 centimeters. For a tube of given radius a,
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the values of 0, X, v, and v, all vary with the frequency of excitation
over the transmission region. In Fig. 4 curves of these quantities are
reproduced for a tube of 5 centimeters radius; however, these curves
are typical for tubes of any radius. The phase velocity is greater than
the velocity of light c, but it approaches c closely when X. <a. The group
velocity is less than c, but it also approaches this value under the above
condition. In the limit when X.<<a, we find v,, = c, a = w/c, and X

=-- fie, and wave propagation occurs much in the same way as it does on a
single wire of radius large compared to X. or in a half space." Fig. 5
shows curves of 13 vs. f for several tube radii.

1.5

re

°- 1.0

Ei

C4 0.5

21/f , FOR a=m
C

a= 5 cm

a= 10 cm

a=20 cm

2 3 4 5 6 -

FREQUENCY IN CPS x 109

Fig. 5-Shift in the phase function 13 with radius of the pipe.

Having obtained the value of h2 (17) we find from (10) that the
field inside the tube is given by

= CJ0(7/0-71
For air, etc. a

= ito

= 60
= C yo - (22)

Jo a

= icoa r
Yo -=)

yo a

The radial component Er and the magnetic field IT both vanish at the
axis of the tube and the axial component E x vanishes at the tube wall
r = a. The distribution of these intensities over the cross section of the
tube is sl.iown in Fig. 6; this distribution, within the transmission re-
gion, is independent of the frequency of excitation and of the tube size.

Before calculating the lilies of electric field in tetisity, we must add
the exponential factor according to (3) to , and Er in (22) giving

IIy =

r
Ex .,-__- ej (yo _ ) e-- Or e /01 i

ilea 7'

Br = C - ' - .11 yo ---- c of  cbdt.
7/0 (1

(23)
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A plot of the field at any instant of time may be obtained by putting
t= constant = 0, whereupon

Exi = CJ0(yo
ra

cos )3x

fla r
I Er = C- yo sin 13x,

a

(24)

Fig. 6-Distribution of the electric and of the magnetic field components on a
diameter of the tube; units and relative magnitudes to arbitrary scale.

and by forming the differential equation for the lines of force

(JoYo
r-d(fix) I E.1 Yo a

cot )3x. (25)
r Oa

( r
JiYo -

a
This equation, which can be solved by graphical methods, leads to the
picture given by Fig. 7 of the electric lines of force for the principal

Fig. 7-Plot of the lines o electric intensity in a plane through the axis for ahollow tube wave of the longitudinal type. A sinusoidal time variationis assumed and the plot is for an arbitrary instant -of time.
wave in a perfectly conducting tube. This figure shows a cross section
through the axis of the tube and one at right angles thereto. The wave
propagation may be conceived to be a movement down the tube of this
field structure with the velocity vp =w/N/(c0/02- (y0/02 and without
any alteration of shape or of magnitude.
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In the engineering treatment of transmission lines, the character-
istic impedance is generally an indispensable quantity. The absence of

a second parallel metal conductor makes this conception somewhat
artificial in the hollow tube system. The displacement current inside
the tube in a sense assumes the role of the return conductor, and there-

' fore we may define a quantity Zo, which we will also call the character-
istic impedance, relating the strength of the longitudinal current along
the tube to the transverse electromotive force between tube axis and
wall. The transverse electromotive force in volts is given by

a if3a
= Erd

a r i/3a2

TT r C y 0 -)dr C (26)
. o yo o a y02

The longitudinal current in amperes may be computed from the Max-
well equation (1) in integral form

icoeoa 227r
I = odiri) 0(a) = C Jib 0) . (27)

Yo

48

N40
. X

0
z

"020

FOR

a= 5 cm.
at= os

Ho

=
f.= 2.3

2 4 6 8

FREQUENCY IN CPS x 109
10

Fig. 8-Characteristic impedance vs. frequency for a five -centimeter
radius perfectly conducting air -filled tube.

We define the characteristic impedance Zo in ohms as

V P/co 1.44 X 10"
Zo = = = 1.44 X 10'2 =/ 27rY0E01-1(/0) w Vp

(28)

As the frequency increases without limit we get the asymptotic value
for Z0

1.44 X 1012
lim Zo = = 48 ohms.

As seen from (28) and from Fig. 4, Zo is zero at the critical frequency.
A curve of Zo vs. f for a tube of five centimeters radius is reproduced in

- Fig. 8; similar results may be obtained for tubes of other radii. The
hollow tube is essentially a low impendance transmission system when
considered on the basis of Zo defined as in (28).
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IMPERFECTLY CONDUCTING HOLLOW TUBES

If the conductivity of the tube is finite but very large, as in the
case with copper, aluminum, etc., we may secure an approximate solu-
tion for h from the transcendental equation (15) by replacing -the two
Hankel functions with their asymptotic expressions for large argu-
ments and by neglecting h2 <122. In this manner we get

Ho (alc2)/Hi(alc2)=i,
and it follows that

u=

u=

yJo (y)

Ji(y)

COEpak2

0-2

(29)

is the transcendental equation for h. The conductivity being very high,
y will not depart much from its value yo for infinite conductivity and
consequently we may assume

= Yo ± (30)

where A is a small complex quantity to be determined. Under this
hypothesis (29) becomes

utli(yo + A) = (Yo A)Jo(yo + A) (31)

We may neglect A everywhere in this equation except in Jo(yo-l-A),
which we expand in a Taylor series

Jo(yo + A) = Jo(yo) LIJAYo) + - AMY0),
where second order terms have been discarded. Equation (31) yields
at once the value for A,

From (30) and (15) we get

y a + A = a-Vki2 h2
and so,

Yo

_ 70,2 + ki2
a a2

Y

a )

2 27106, oy

a a2

20)61/02

Substituting the value of 1:2 from (11) and using the abbreviation

w -
a r 0-2

CA)/12

(32)

(33)

(34)
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(33) may be written as
1/2

h = fi2[h2 -wl11/1
a

(35)

This expression gives the value of h for a tube of finite high conduc-
tivity, but it may be simplified further by performing a binomial ex-
pansion and discarding terms of second and higher order. In this way

we obtain

h = a +7:43,

-
Jot
a

= 4/7:12 - Cia-)"±

(36)

Comparison of this value of h with that obtained for perfectly conduct-
ing tubes (18) shows a modification of the phase constant 13 and a non -

vanishing attenuation constant a:They will now be discussed in detail

for a tube with the dielectric properties of free space.
Attenuation constant a. We assume for the purpose of this dis-

cussion that the dielectric material inside the tube is sufficiently well
characterized by El = Eo, µ1= µo. It is convenient to put k1= 27/X, and
take Xe/a as the variable; after some rearrangement a may be put in
the following form

where,

b
a - = a--3/2bF

a3/2

7 yo\ 2 Xe\ 3

a `2,71-) a )

b=,1
7r P2

CP20-2 /1

- 2\2 31-1/2
(37)

La 27r) a )

In this expression, w, under the radical, has been neglected; therefore,
it is not valid for Nc very near the critical wave length No. The nature
of the metal of which the tube is made enters only in the factor b. The
following table gives values of 122, a2, and b for several common metals:
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TABLE I

Metal as

mhos/cm.
. izz

henrys/cm. b

Copper 5.8 X105 1.257 X10-2 1.21 X10-4Aluminum 3.3 X105 1.257 X bra 1.59 X10-*Lead 4.81X10+ 1.257X10-8 4.16X10-*Iron 1 X105 1.257 X10-8 28.90 X10-*

Because a is inversely proportional to the three -halves power of the
tube radius, the attenuation decreases rather rapidly with increasing
tube size, Xe/a being held constant. Fig. 9 shows graphically the factor
F = RX,/a) - (y0/27r)2(X,/a)3]-i to which a is also proportional. There
is an optimum ratio of wave length of the excitation to tube radius for
which the attenuation will bea minimum. By equating to zero the deriv-
ative of F with respect to Xe/a, we find that the optimum value is
quite approximately

X,
-= 1.5 for minimum attenuation .a

However, inspection of the curve of Fig. 9 indicates that the choice of
Xe/a for a given tube is not very critical; between the limits 1 <Xe/a <2
the function F remains within ten per cent of unity. The correct opera-
tion of a hollow tube transmission system of the type described here
obtains when the relation 1 <Xe/a <2 is satisfied. In order to form a
quantitative idea of the transmission through actual tubes, computa-

A

, a

Fig. 9-Variation with Ne/a of the attenuation in an air -filled copper pipe.
tions have been made for a (x measured ill centimeters) and for thelength of tube X (X .---1/a  10-5 in kilometers) traveled by the wavebefore it is attenuated to 1/e L----0.368 of its original amplitude for thefour metals listed in Table I. These data are tabulated in Table II.In Table III are shown the computed attenuation constants in decibelsper mile. The values shown in both tables are for F =1, its minimum
value; therefore they represent correct operating conditions 1 < Xe/a <2Under this condition, we find fOr copper tubes

attenuation = 170 a-312 decibels per mile.
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TABLE. 1I

a

cm.

5

10
20
30
40
50

a (x in cm.) X in krn.

Copper Aluminum Lead Iron Copper
Alund-

num Lead

4.24 10-6
1.17 10-6
3.80 10-6
1.35 10-6
7.30 10-7
4.75 10-7
3.40 10-7

5.61 10-s
1.12 10-6
5.02 10-6

1.77 10-,
9.65 10-7
6.28 10-7
1.48  10-7

1.47 10-1
3.72 10-6
1.31 10-6
4.65 10-,
2.53 10-6
1.64 10-6

1.17 10-,

1.02 10-3
2.59. 10-4
9.12 10-,
3.23. 10-6
1.75. 10-,
1.14 10-6
S.16. 10-6

0.23
0.93
2.6
7.4
14

30

0.18
0.70
2.0
5.7
10
16
^2

0.07
0.27
0.76
2."
4.5
6.1
8.5

Iron

0.01
0.04
0.11
0.31
0.57
0.87
1.2

For 1 <Xda <2; error <10 )er cent.

100

61:10
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Fig. 10 -Comparison of the attenuation in a hollow tube transmission system
(air -filled copper pipe) with measured and with computed attenuations in
several coaxial lines and an open -wire line. It is assumed that the hollow
tube system is dimensioned for minimum attenuation.

TABLE III

a
cm.

a in decibels per mile

Copper Aluminum Lead Iron

2
5

10
20
30
40
50

60.
16.
5.3
1.9
1.0
0.67
0.48

78.
20.
7.0
2.5
1.4
0.89
0.63

210.
52.
17.
6.5
3.5
2.3
1.6

1430.
360.
130.
45.
25.
16.
10.

For 1 <X ,/a <2; error <10 per cent.

A comparison of the attenuation in several open -wire and concen-
tric -tube lines with that computed for the hollow tube system is pre-
sented graphically in Fig. 10. The curve for the hollow tube assumes
that the radius is so changed with the frequency that the optimum
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value Xe/a = 1.5 obtains at all frequencies. Data for the curves marked
"Line B" and "Line D" and the expression

db per mile = 0 .676-117,/binchw

for computing the attenuation in coaxial lines were taken from a paper
by E. J. Sterba and C. B. Feldmani6 (Figs. 2 and 11 of their paper). It
appears that the hollow tube transmission system compares favorably,
as to attenuation, with lines of conventional design. At the very high
frequencies at which the hollow tube would be operated, it would prob-
ably have lower attenuation than any other type of line now in use,
because the conductance loss could be reduced to the minimum obtain-
able by using an appropriate gas and pressure within the tube. In fact,
the hollow tube transmission system is ideally suited to the "conduc-
tion" of waves of several centimeters length.

Phase constant /3. Under the same assumptions as to the dielectric
within the tube made in the preceding paragraph, we may write

v

c a )

(1/2\2

1/ a ) 7-VaV a

In the region of optimum attenuation 1 <Xe/a <2, w is very small com-
pared to the difference of the other two terms under the radical; con-
sequently the phase constant 0, and also vp, vp, and X are not changed
appreciably from their values (21) for perfectly conducting tubes. This
includes cases of most practical interest. Near the critical frequency fo,w is not negligible; the effect is to lower the velocity of propagation vi,
compared to its value for perfect conductivity and to lower the value
of the upper limit of the region of complete attenuation. This extensionof the transmission region is greater for small tubes than for large
ones, but the magnitude of the change is small for good conductors.Therefore, we may conclude that the phase constant is substantiallythe same for imperfectly conducting tubes as it was for perfectly con-
ducting tubes; viz.,

(38)

1/( c )2- ( a )2
16 E. J. Sterba and C. B. Feldman, Bell. Sys. Tech. Jour., vol. 11, p. 411;July, (1932).

co y
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THE HOLLOW TUBE AS A FILTER

The property of transmitting only those waves whose frequencies
lie above the critical value fo allows the hollow tube system to be used

as a kind of high-pass filter. Viewed in this light; fo (19) becomes the

cutoff frequency that separates the transmission band (f > fo) from the

attenuation band (f <fo). It appears from the preceding anlaysis that
the transmission loss is infinite throughout the attenuation band. In

the ideal case of perfectly conducting tubes there would be no loss

in the transmission band, but, in actual tubes of finite conductivity

there will be attenuation, which may be determined from a in (37).

There will be a phase shift also, whose value may be secured from S in

0
5

Wf
- w
cr
tal VI

7.7

VI -- C'
W

3-
w

z- 2o
Q 0
7 CI

A I
r-

FOR A HOLLOW TUBE OF COPPER
S CAI. DIAMETER

ASS

- TRANSMISSION BAND -

I EN All04
CONSIAN

IA

CU1-OFF FREQUENCY f.= 2.29

2 4 6 B 10

FREQUENCY IN CPS.1 101

12

Fig. 11-Transmission characteristics for a five -centimeter radius
hollow pipe of copper.

(38). In Fig. 11, curves of the attenuation and phase -shift characteris-
tics are reproduced for a filter of this type comprising a copper tube of
five centimeters radius. It is assumed that the tube is correctly ter-
minated to avoid any reflections. Similar curves may be obtained for
other metals and other radii. It may be observed that the attenuation
drops to low values very rapidly as the cutoff frequency is exceeded,
and that it increases quite slowly after reaching its minimum value at
f =fopt. Thus, a hollow tube of this size and material has an almost
flat attenuation characteristic and a substantially linear phase charac-
teristic over a band of about ten thousand million cycles per second
width.

Because of their unusual properties, sections of hollow tube circuits.
might be used in connection with conventional lines and networks
and with other hollow tube arrangements to obtain attenuation and
phase -shift characteristics for band-pass, corrective, or other functions.
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TERMINAL DEVICES

The preceding discussion was both quantitative and accurate, be-
cause the theory of the propagation of electromagnetic waves in hollow
conducting tubes was firmly established from the Maxwell equations.
We shall now consider a part of this transmission system; viz., the
terminal device, that has not yielded to mathematical analysis and that,
consequently, cannot be discussed in a quantitative and exact manner.
Experiment must be invoked to verify the anticipated behavior of a
given terminal device. With this. caution, we turn our attention to

Aer 38 CM.

10 20 30
IN CM.

=f' - -4 17cm

D

10 20 30
D IN CM.

Fig. 12-Three types of terminals for a hollow tube transmission system forwaves of the longitudinal type. The associated curves show field intensityat far end of pipe vs. the length D of the coaxial rod. These curves illustratethe adjustment of the terminal for maximum energy transfer, and theyshow the sharply resonant properties of these terminals.

means for exciting waves in the hollow tube at the sending end, for
intercepting them at the receiving end, and for radiating them directly
into space at the far end of the tube.

A terminal device at the sending end must take high -frequency
energy from a pair of conductors and cause this energy to be propagated
down the hollow tube. From the circuit point of view, this terminal
.device must connect the biconductor exciting system with the unicon-
ductor transmission system. Except for questions of insulation and of
impedance of the biconductor circuit, terminal devices for the sending
and for the receiving ends may be identical, because any device that
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will radiate waves of the hollow tube type will be equally effective in
picking them up.

The hollow pipe transmission system differs radically from con-
.

ventional systems in regard to the configuration of the field about the
conductor. In conventional transmission lines only one type of wave
can be propagated. In the hollow pipe system, on the other hand, sev-

': eral distinct kinds of waves are possible, as indicated in connection
with (4). Consequently, the terminal device may be designed to excite
waves of the desired type to the exclusion of those of other types. Such
design is advisable if good efficiency is to be secured. Generally, both
sending and receiving terminals should transmit and receive waves of

a single type only. In addition to efficiency, this allows a unique kind
of multiplexing to be described later.

Tue. well

1.

2.

y z

1,11
3.

4-.

COAXIAL TUBE TRANSITION HOLLOW TUBE
WAVES REGION WAVES

Fig. 13-Illustrating probable shapes of the lines of electric intensity at a coaxial
type terminal for successive instants of time.

Terminals for.sending and receiving the previously discussed waves
of several different configurations have been used. The simplest and
one of the most effective comprises a length of coaxial rod fed in any
of several ways. It is shown with coaxial feed at the top of Fig. 12.
Because of the symmetry of its electromagnetic field, the coaxial rod
terminal is well suited to excite or to intercept hollow tube waves. A
qualitative idea of the way in which it operates may be obtained from
the series of sketches in Fig. 13, in which the lower half of the tube
section is omitted for economy of space. The waves travel faster in
the hollow tube than they do in the coaxial terminal, and the wave
lengths in the two portions of the tube are approximately related by
the inequality

Xhollow tube

Xc
> Xo ' Xemixiel terminal .

2 2

27 a
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Hence, we may consider that the field is distorted to allow the forma-
tion of closed loops in the electric field that break away from the coaxial
rod terminal and propagate themselves down the hollow tube. The
action of this coaxial rod is interesting when compared to the radiation
from a rod in free space, inasmuch as in the latter case absolutely no
radiation takes place in the direction of the axis of the rod.

We may for convenience think of this arrangement as a connection
of a.concentric tube to a hollow tube and make use of the conception of

impedance matching. The magnitudes of the several dimensions of the
terminal would then be made such that the impedance looking into the
terminal under operating conditions is matched to that into the exter-
nal circuit. This consideration also applies to the other terminal de-
vices. The experimentally determined curve shown with the sketch in
Fig. 12 illustrates the adjustment of the terminal for maximum energy
transfer to the tube. It was obtained by measuring the maximum field
intensity at the receiving end of the tube as the coaxial rod was slid
in or out. Clearly, a much better energy transfer may be secured by
correctly adjusting the terminal device.

Several modifications of this terminal device are shown in Fig. 12.
By adjusting the relative dimensions of the rod, the maximum energy
transfer from the source into the tube can be accomplished in each case.
In the second terminal shown, radial wires are employed to concentrate
the radial current and allow reflections from the back face to be given
the proper phase to reinforce the forward radiation, in about the same
way that a reflector is used in a directive radiating system. This ter-
minal may be made to exhibit exceedingly sharp resonance by increas-
ing the number of radial wires. The third sketch shows a coaxial rod
with a metal disk on its end, together with its matching curve. All of
these terminals may act as more or less sharply resonant systems. They
may be "tuned" and utilized in hollow pipe systems, in much the same
manner as resonant combinations of elements are used in conventional
circuits. They may also be thought of as electromagnetic analogues of
the Helmholtz resonator.

The vacuum tube oscillator or the detector may be placed entirely
within the pipe in any of these terminal devices by inserting it at about
the middle of the coaxial rod, a section of which may be replaced by an
insulator, the oscillator terminals being connected to the two adjacent
ends of this rod. The coaxial rod is preferably made hollow and the
filament, grid, plate, etc., leads brought to the vacuum tube through
its interior.

EXPERIMENTAL TESTS

Experimental work has been carried out with a galvanized iron
cylinder (an old air duct) approximately one and five -tenths feet in
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diameter by sixteen feet long. A Barkhausen oscillator operating at
free -space wave lengths from about thirty-eight centimeters upwards
has been the main source of power. It was modulated at a low audio
frequency to allow the simplest kinds of receivers to be used for meas-
uring the field. Either a crystal detector or an acorn tube with short
rods as an antenna proved to be a thoroughly satisfactory "probe" for
the field measurements; an amplifier, a copper -oxide meter, and head-
phones completed the receiver. The general scheme of an experimental
setup is indicated by Fig. 14, where a parallel wire type feed for the
sending terminal is shown. The probe stick was held in the hands or
mounted in guides for more accurate alignment.

BARKHADSEN

OSCILLATOR

MODULATOR

GALVANIZED IRON HOLLOW TUBE

I
44 cm.

460 cm.

CRYSTAL DETECTOR

PROBE

A11010

AMPLIFIER

COPPER OXIDE METER

Fig. 14-Diagram of typical experimental pipe and apparatus.

For many practical applications, a pipe diameter of only several
inches is contemplated, necessitating an excitation with a free -space
wave length of the same order of magnitude. The difficulties of experi-
menting with such "centimeter waves" has been obviated here by using
a large scale model of the proposed device; most of the measurements
so obtained may be applied unambiguously to the smaller pipes. It is
interesting to observe that we have already reached the point in ultra-
high -frequency work where the principle of models may be reversed in
the above manner with advantage. However, we may not be able to
go much further with this idea, and even here we must exercise caution,
because for the lower "centimeter waves" the molecular and atomic
natures of gases, liquids, and solids, begin to affect materially the be-
havior of our electromagnetic systems.

The critical free -space wave length for the above -mentioned pipe
was about sixty centimeters, which was easily verified; no transmission
took place when the excitation exceeded this value, even when the
power was increased to about twenty-five watts at one and five -tenths
to two meters. Thus, the critical frequency and the filter action of the
hollow tube were verified.

By moving the probe along the inside of the tube, pronounced stand-
ing waves were obtained, as illustrated by Fig. 15. These measurements
were made by sliding the probe, coaxially oriented in guides, along the
axis of the pipe at the receiving end. The effect of probe length is shown
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by the three curves. The effect of stray pickup (zero -centimeter probe)
is negligible. The shape and magnitude of the curves depend on the
probe length; a length of fifteen centimeters was used in most of the
measurements. It is not to be expected that the curves go to zero at the

OUTSIDE INSIDE TUBE

5 CM. PROBE

Xe= 40 CM

X = 60 CM.

15 CM. PROBE

40 20 0 20 40 60 80 100 120
DISTANCE ALONG AXIS FROM END OF TUBE IN CENTIMETERS

Fig. 15-Standing waves measured along the axis of a hollow tube with coaxially
oriented probe. The effect of probe length on the measurements and the
stray effects (zero -centimeter probe) are shown by the three curves.

minimums, because an open-ended hollow tube, unlike the ordinary
unterminated transmission line, radiates rather thereby
placing an appreciable load on the receiving end. Similar curves have
been taken for both open- and closed -end pipes for a variety of condi-
tions. Among other things, they allolv a rather precise determination

100

x 80

in cm.

60

40

20 30 40 50
X. in cm.

60

Fig. 16-Wave length A inside pipe vs. free -space wave length X of the excita-
tion; circles indicate measured values, the solid curve is computed from the
theory.

of the wave length within the tube and an evaluation of the degree of
matching obtained with different terminations. With certain termina-
tions the standing waves have been substantially absent, indicating
that the tube was correctly terminated in its characteristic impedance.

Fig. 16 shows measured values of the wave length in the tube X
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(small circles) compared to the calculated (solid curve), both
plotted vs. the corresponding wave length of the excitation, as meas-
ured on Lecher wires at the transmitter. The agreement is quite satis-
factory for these relatively crude measurements. hollow tube \\*:IVO
length is greater than thatof the excitation by the predicted amount,
hence this also verifies the theoretical value for the velocity of phase
propagation, Nvhich is greater than light.

Speech and other signals, have been satisfactorily transmitted
through the pipe and received at the far end with amounts of power so
small that free -space radio reception, using the same transmitting :111(1
receiving apparatus, was only possible over about one tenth of the pipe
length. As yet no figures are available on the attenuation in the tube.

TEANSVEIZSELY POLARIZED WIVES

WC have already pointed out the possibility of entirely different
kinds of waves in the hollow tube having field components /1,, //r, and
E,;. In these waves, the electric field is confined to planes I fallSVerSe
to the axis and they resemble, to a certain degree, plane waves propa-
gated along the tube, because there is no longitudinal component of E.
The boundary condition for this set of waves, referred to by Rayleigh
as "vibrations of the second class," requires that 1t _(a) = 0, that is,

v/ki2d-h2) =0. He has also discussed the fact that the type Of
wave having the lowest critical frequency of all possible hollow tube
waves is that corresponding to the first root for u = I and it is to this
type of wave that we now direct our attention. The critical frequency
is given by

1.841
fo =

27a-V,ulei

and the phase constant for perfectly conducting tubes by

=
(1 .

0)21,161

a

(30)

(40)

For air -filled tubes, these expressions give rise to the special forms

27a
Xo= = 3.41a

1.841

W 2 /1.S41\2

13 = a

a
=

4/ - 0.086
Xe

(real)

(real)

(41)



1324 Barrow: Transmission of Electromagnetic Waves

These several quantities have been adequately verified by experiment.
The attentuation in finitely conducting pipes may be calculated by the
method already used for the longitudinal type of wave.

Terminal devices for this transverse wave are fundamentally differ-
ent in construction from those of Fig. 12. Again, the configuration of
the wave that is to be excited determines the design of the terminal
and in this case the simplest result is obtained by employing a rod at
right angles to the axis across a diameter of the pipe. In this position
it coincides with a line of electric intensity for the transverse wave.
This rod may be fed in one of several ways, the sending end of the tube
is preferably closed, and.the whole device may be dimensioned to effect

(a)

(c) (d)

(e)

Fig. 17-Several types of terminals for a hollow tube transmission system for
waves of the transverse type.

a maximum energy. transfer into the tube or used as a resonant.device,
as previously described for the longitudinal waves and as illustrated in
Fig. 12. Several terminals of this kind are reproduced in Fig. 17. In
(a) is shown a parallel wire feed and in (b) a coaxial feed. Additional
parasitic or driven rods or one or more wire grids may be inserted down
the tube, as indicated in (c), to reinforce the wave much as wave direc-
tors are used. A parabolic reflector as in (d) has been used with con-
siderable success; the parabola may be placed entirely within the pipe.
The length of the rod may be adjusted to optimum operating condi-
tions without affecting the wave type, even to the extent where the
pipe walls are bridged by it. A length equal to X,/2 has been used in
much of the experimental work. The vacuum tube may be placed en-
tirely within the pipe and made an integral part of the rod construc-
tion. In (e) is shown a cylindrical resonator attached to the hollow
tube system; the radiation characteristic of this resonator has been in-
vestigated separately by Sloat'7 under the author's supervision.
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Measurements with the probe of the field distribution over the pipe
cross section and of the polarization of the waves within the tube have
demonstrated that the transverse type of wave can he excited alone
with terminals of the above description. Similarly, it. was shown that
the longitudinal type of wave alone can he excited with the coaxial

type of terminal.
min in.,Ex TRANSMISSION

An important property of transmission by means of the transverse
wave is the fact that there is one orientation of the receiving terminal
rod, under ideal conditions at right angle:,.; to its sending terminal rod,
for which zero voltage is induced in it. Also, there is another orientation
substantially parallel to the sending terminal rod, for which the re -

Fig. IS-Received signal strength vs. probe orientation for transverse waves
polarized in 0 -to 180 -degree plane.

ceived signal is a maximum. A curve showing this effect is reproduced
in Fig. 18. This curve was experimentally obtained by plotting the de-
flection, which is closely proportional to the electric field in intensity,
in polar co-ordinates as the probe was rotated about the axis in a plane
perpendicular thereto. The orientation of the sending terminal rod was
0 to 180 degrees (vertical); the maximum signal was received with the
same (vertical) orientation, and no signal was received at the 90- and
270 -degree (horizontal) orientation.

Equally important is the fact that when the symmetry of construc-
tion is sufficiently good, a receiving terminal for the transverse waves
will not respond to waves of the longitudinal type, and vice versa.
Inasmuch as several distinct types of waves may be excited and trans-
mitted simultaneously, which are mutually independent and which
may be separately and independently intercepted at the receiving end

17 J. R. Gloat, Master's thesis in electrical engineering, Massachusetts In-
stitute of Technology, June, (1934).
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of the system, the hollow tube transmission system may be operated
in a unique kind of multiplex. A terminal device for multiplex operation
is shown in Fig. 19, where three separate rods are fed coaxially and
provide three independent channels for communication within the
same pipe. Rod 1 provides one channel using the longitudinal waves,
rod 2 a second channel using vertically polarized transverse waves, and
rod 3 a third channel using horizontally polarized transverse waves. This
multiplex operation, which is not thought possible on biconductor
transmission lines, and which may be capable of further expansion,
considerably increases the possible usefulness of the hollow tube sys-
tem.*

Fig. 19-Terminal device for multiplex operation of a hollow tube transmission
system. One longitudinal (1) and two transverse (2 and 3, at right angles
to each other and to 1) types of waves provide three communication chan-
nels in the same pipe.

RADIATION FROM THE TUBE END

As indicated in the Introduction, the far end of the tube may be
made into a radiator, instead of a translation device from the unicon-
ductor pipe to a biconductor system. The open end of the pipe forms
the simplest arrangement. Electromagnetic energy flows from the pipe
end and is propagated into space as radio waves. Not all of the energy
is radiated, because of reflections from the end, and standing waves
are set up in the pipe. Since the pipe cross section is comparable in
dimensions to the wave length, a radiation pattern having directive
characteristics is produced. The shape of this pattern depends on the
ratio Xe/a and on the type of the wave.

Fig. 20 shows the measured pattern obtained with a wave of the
longitudinal type. The pipe was parallel to the ground and two feet
above it. The probe was oriented for maximum deflection in a hori-
zontal plane through the axis of the pipe and the distance at which
the deflection was constant was plotted. It is realized that this method
is not strictly correct, but the pattern so obtained is thought to be in-.
dicative of the actual free-space pattern. It may be demonstrated by a

* Note added in proof. Two -channel multiplex operation was demonstrated
before the Boston Section of the I.R.E., May 22, 1936.
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qualitative argument that the radial ion pat tern SIMIlld 11:1Ve this gen-

eral shape. The pattern in free space will he symmetrical about the
axis of the tube and the wave propagation may he reasonahly compared

030°

TUBED

.?_! 40 CM

-3S --

HORIZONTAL RAC AT1C'N rATTERN

COAlIAL WIRE EXCITER

60'

-50

Fig. 20-Radiation pattern from open end of pipe with longitudinal type waves.

with the blowing of smoke rings through a tube. -Somewhat similar
results were reported by Bermann and Kruegel.

If waves of the transverse type are employed, the radiation pattern
is entirely different, having a maximum to the front. Fig. 21 shows a

9e

U

XrA-80 CM

5,

30°

-30° -60°

HORIZONTAL RADIATION PATTERN
VERTICAL WIRE EXCITER

= MEASURED POINTS
SOLID CURVE- 15C0S e

Fig. 21-Radiation pattern from open end of pipe with transverse type waves.

pattern measured with the same arrangement as before, except that
the probe was kept vertical; i.e., parallel to the sending terminal rod.
In this figure, the solid curve is a plot of cos e, hence it appears that
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for the conditions of the measurement (Xe/a was almost at the critical
value) the pattern is given by this simple function. Transverse waves
appear to be well suited for producing a beam type of pattern.

ELECTROMAGNETIC HORNS

In order to match properly the hollow pipe to the external space
and to produce more directive patterns, the pipe can be flared into a
horn -shaped radiator. The analogy of this kind of radiator, which is
believed to be new, to an acoustic horn is indeed close. However, the
throat of an acoustic horn is. usually much smaller than the wave
length while the throat of the hollow tube horn is comparable to it.

A

ELECTROMAGNETIC HORNS

A, B, & C - HOLLOW TUBE FEED
D - COAXIAL " "

D.

Fig. 22-Several types of electromagnetic horns.

The radiation patterns of these horns are affected by the same factors
that influence the open-end pipe, viz., Xe/a and the wave type, and in
addition by the shape of the horn proper. In Fig. 22 several electro-
magnetic horns are illustrated. A and B show simple flared types of
circular and of rectangular cross section, respectively, and C shows an
interesting type for longitudinal waves that.producea uniform radia-
tion concentrated in a plane perpendicular to the axis of .the tube.
Thus, A and C are adaptable to broadcast radiation with longitudinal
waves and A and B to beam radiation with transverse waves.

The application of horn radiators is not confined to the hollow
tube, system, for they may be fed by a coaxial or other lines. This appli-
cation is illustrated by Fig. 22, D. Thus, electromagnetic horns may be
used as radiators in the wave band below ten meters where their di-
mensions may be kept reasonably small.
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A CRITICAL STUDY OF TWO BROADCAST ANTENNAS'

By
CARL E. Smyrn

(Tho Radio Air Service Corporation, Cleveland, Ohio)

Summary-A theoretical study is made of a double doublet, determining the
vertical radiation characteristics for various current ratios. Also, the horizontal field
intensity is plotted as a function of the current ratio and phase angle. Three experi-
mental designs arc discussed. Fading measurements show the improvement of the up-

per doublet in comparison with a quarter -wave antenna. A theoretical study is made

of a loaded quarter -wave antenna showing vertical radiation characteristics and hori-
zontal field intensity as a function of the current distribution. Recording measure-
ments verify that fading at a distance is materially reduced when the antenna is
properly loaded.

INTRODUCTION

THE problem confronting the radiation engineer is to furnish to a
maximum number of potential listeners a satisfqctory field in-
tensity for the operation of their receivers. For moderate powered

transmitters the primary service area is by far the most important
from a. commercial standpoint. Since interfering stations are usually
located in the secondary service area it would be a -distinct advantage
to minimize the high angle radiation and put this energy into the
ground wave. This would reduce station interference and increase the
primary service area. of the station by pushing back the fading wall
and increasing the primary service area field intensity to override local

interference.
Since extreme heights are not very practicable and in many in-

stances cannot be obtained because of the hazard to air navigation, a
critical study was started, in the fall of 1934, on several antennas which
will operate within a quarter wave length. The purpose of this paper
is to discuss two such antennas and show some of the experimental re-
sults obtained from the investigation.

DOUBLE DOUBLET THEORY

In making a theoretical study of the double doublet, the following
assumptions were made: oscillating doublets of infinitesimal length
along the radiator, sinusoidal current distribution, a perfect con-
ducting earth, an absence of power sinks above the earth, that the
folded portions have no effect upon the vertical radiation pattern, and

* Decimal classification: 8320. Original manuscript received by the Insti-
tute, June 15, 1936. From a thesis presented to the Ohio State University in
partial fulfillment of the requirements for the Professional Degree of Electrical
Engineer.
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a current loop exists at the center of each doublet. This last assumption
was not realized in the first experimental design but was obtained in
the second experimental design.

The Poynting vector method was employed to determine the field
intensity as a function of the phase angle cb and the current ratio y be-
tween the current loops on the upper and lower doublets, as shown' in
Fig. 1. The absolute magnitude of the field intensity can then be writ-
ten,

Upper 83'
Doublet

4'

Lower 83'
Doublet

lo'
10'

83'
1

Surface of perfect earth

4' Images

83'

ILJ
Fig. 1-Specific dimensions of double doublet used in this theoretical

analysis. f =1390 kilocycles.

/E6/ =
GO

-4 --V[1(0) + (0) cos (/)]2 [-yf (0) sin 4A2d R (1)

where,
/E0/ = the field intensity in volts per meter

d = the distance from antenna in meters
= the elevation angle

P = the watts antenna power
f' (0) =a function of 0 for the lower doublet
f " (0) =a function of 0 for the upper doublet

-y = the current ratio of the loop current in the upper doublet to,
the loop current in the lower doublet

1 C. E. Smith, "A critical study of several antennas designed to increase theprimary coverage of a radio broadcasting transmitter." This is an unpublishedthesis filed in the Ohio State University Library.
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= the phase angle between the current in the upper and lower

doublets

If = 10.7 + cos (1 + 15.61.2 (2)

is the radiation resistance of the double doublet in ohms
referred to the loop of the lower doubh.i.
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Fig. 2-Vertical radiation characteristics of double doublet for various values of
the current, ratio when the phase angle 0 =1S0'.

If /Ed is maximized with respect to the phase angle 4) and the
current ratio 7, it is found that the ground wave

/E0=0/ = 255.5 millivolts per meter per kilowatt input at one mile,
when,

=1S0° and
= 1.3776.

A family of vertical radiation characteristics have been plotted in
Fig. 2 from (1) when gh =180°. For y = 00 the upper doublet is operating
alone. As the current ratio is decreased the high angle radiation decreases
and a small high angle lobe appears for y =2. This lobe increases con-
siderably for maximum ground wave when y =1.3677. As the current
ratio is decreased to 1.0 the lobe increases to a maximum, and the
ground wave disappears.

The ground wave has been plotted in Fig. 3 as a function of the
current ratio when 4=180°. Also, the lobe intensity has been plotted
to show that with a little sacrifice in ground wave by operating to the
right of the maximum, the lobe intensity is materially decreased.



1332 Smith: Two Broadcast Antennas

In Fig. 4 the solid contour surface shows how the ground-wave
intensity varies as a function of both the phase angle 4. and the cur -
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Fig. 3-Field strength of ground-wave and lobe and the radiation resistance as
a function of the current ratio y when the phase angle 4)=180°.

Fig. 4-Solid contour surface of ground -wave intensity as a functionof the current ratio y and phase angle 4. .

rent ratio 7. The surface shows a rather sharp peak for the maximum
ground wave. The curve of maximum ground-wave intensity for vari-
ous values of phase angles has been drawn on top of the contour
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surface, showing how the current ratio increases when the phase angle
cfr is made greater or less than 180°.

Two other current distributions were assumed inasmuch as prac-
tically all the work of computation was at hand. These current dis-
tributions, although impracticable to obtain, do give slightly higher,
theoretical maximum ground -wave intensities with a very slight
change in the vertical radiation characteristic. The results are as
lows: Current node at center of lower doublet with a current loop at
the center of the upper doublet gave /E0=0/ = 257 millivolts per meter
per kilowatt input at one mile, and current node at the center of the
upper doublet with -a current loop at the center of the lower doublet
gave /E0.0/ = 263 millivolts per meter per kilowatt input at one mile.

Owe I/He
TO MANstorren TUNING 1.//e/r

-11511-LARIP UPPER

-41Z-7-40 DOUBLET

0

O

COUPLING

Tkimsrovirir

LOWER
TUNING UN/r

-1166Le.416"1666Leal6"-LONERflamer

Fig. 5-First experimental design of double doublet.

DOUBLE DOUBLET EXPERIMENT

The first experimental design shown in the schematic diagram of
Fig. 5 was suggested by J. C. McI\Tary. The ends of the doublets were
loaded with twenty-five feet of conductor arranged in a star shape.
With this arrangement current loops are not realized at the center of
the doublets and standing waves exist on the transmission lines. In
order to make rapid changes in the phasing and line-tuning units a deri-
vation was made2 to determine the coil and condenser adjustments as
a function of the phase shift in the unit. The equations are,

X.1, Z0(1. - cos p)
(3)

4 2 sin
Z0

X. = (4)
sin

2 0. E. Smith, "Phase shifting networks," Comm. and Broadcast Eng., VOL
3, p. 21; May, (1036).
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where,
XL/4 = ohms inductive reactance of one coil in the balanced 171

section
= ohms capacitive reactance of the condenser

Zo = ohms characteristic impedance (resistance)
= degrees phase shift of the H section

The experimental results with this system of feeding the doublets
indicated that the doublets themselves are unbalanced to ground, es-
pecially the lower half of the lower doublet, the copper wire resistance
loss is quite high due to the low radiation resistance of the doublets.
Transverse currents set up in the feeder lines causes radiation which

Fig. 6-Second experimental design of double doublet.

has a tendency to polarize the radiated waves into nonvertical planes.
Doublet unbalance and mutual impedance between the doublets shift
the current and voltage nodes along the feeder lines and hence the
phase shift and current ratio between the doublets are uncertain.

The feeder system should be changed in such a way that the losses
in the feeder lines will be a minimum and changing one doublet cur-
rent will not affect the other doublet current.

The second experimental design shown in the schematic diagram of
Fig. 6 was suggested by MT. L. Everitt. A pictorial view of the antenna
in Fig. 7 shows one of the towers which is broken into insulated sections
thus minimizing the effect of. the tower.

The link circuit is adjusted in such a way that coupling due to the
antennas is balanced out. With this adjustment it is possible to drive
one doublet without producing current in the other doublet. The ex-
perimental work verified that this scheme was practicable but still
other difficulties had to be overcome.
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Experimental evidence showed that a capacity ring connected to
its center by many radials gave good loading for the ends of the dou-

Fig. 7-Photograph of east tower showing the double doublet with the neces-
sary guy ropes, catwalks, and tuning units. Note how the tower is broken
up into four insulated sections.

blets, without corona as was experienced in the original design. In order
to obtain current loops at the center of the doublets, to correspond with

rfiANsAfirrtN

ZOA0(0
Aga& tr

Fig. 8-Schematic diagram for feeding upper doublet.

the theoretical work, transmission lines terminated in inductive react-
ance elements as shown in Fig. 8 were used.3

Nickle, Dome, and Brown, PROC. I.R.E., vol. 22, pp. 1362-1373; Decem-
ber, (1934).



1336 Smith: Two Broadcast Antennas

Critical measurements were made on the upper doublet operating
alone. It was found that shorting the insulated tower sections had a
very considerable effect upon the radiation resistance and radiation
properties of the doublet, Efficiency, based upon field strength meas-
urements compared to the regular quarter -wave antenna, were as
follows:

Line transformer and transmission
line to the upper doublet 90.5 per cent
Doublet efficiency including the
loading lines and coils 79.0 per cent
Over-all efficiency 71.5 per cent

The radiation resistance of the upper doublet for this condition was
11 ohms as compared to 15.6 ohms for the theoretical radiation re-
sistance of this doublet over a perfect earth and not in the vicinity
of a tower.

Operating the upper doublet on the basis of radiating one kilowatt,
recording measurements4 were made at eighteen points in various direc-
tions and at various distances from the transmitter. Alternate periods
of fifteen minutes were devoted to the doublet and quarter -wave
antenna. Some typical fading measurements are shown in Fig. 9.
These measurements show that fading is more severe on the quarter-

wave antenna at all distances, the average field strength is greater in
the sky -wave area on the quarter -wave antenna than on the upper dou-
blet, the average field strength is greater on the upper doublet in the
primary service area than on the quarter -wave antenna, and the fading
increases on both antennas as the distance from the transmitter is
increased.

The results of these experiments indicate that the double doublet
cannot be put into permanent operation with the existing losses and
extremely low radiation resistance when operating to give a good ver-
tical radiation pattern. However, if a power rating based upon the
theoretical analysis could be obtained, as was done to obtain the above
fading measurements, this type of antenna might be worth while
even though the antenna efficiency is quite low.

LOADED QUARTER -WAVE ANTENNA THEORY

The same assumptions were made in this analysis as were made on
the double doublet. The absolute magnitude of the field intensity can
be written,

4 E. L. Gove and C. E. Smith, "Field strength measuring equipment,"
Comm. and Broadcast Eng., vol. 2, pp. 12-:-15; October, (1935).
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60/Eo/ = -
d

IF cos a sin B sin [(7/2) sin 0] - cos a - sin a [cos (7r/2) sin 0]
(5)

R cos 0
where,

a = the distance from the surface of the earth down to the ex-
tended current node

R =32.42 cost a+34.29 sin 2a+36.56 sin' a (6)
is the radiation resistance of the loaded quarter -wave antenna
in ohms referred to the current loop.
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Fig. 10-Calculated vertical radiation characteristics of loaded quarter -wave
antenna for various values of loading.

The other symbols are defined in (1). This equation is a special case
of a more general form given by Brown.5 The evaluation of the radia-
tion resistance was made by series expansion of the various functions
to eight significant figures. The curves obtained by this evaluation
are not as optimistic as those published by Brown- who obtained his
results for maximum ground -wave by comparing the vertical radiation
characteristic with that of a vertical 230° antenna and found the curves
to be practically identical.

A family of vertical radiation characteristics have been plotted
from (5) in Fig. 10. The curve marked a = 90° is for a standard quarter -
wave antenna. If the current distribution is inverted the curve a = 180°
is obtained, showing a slight increase in the ground wave and some

6 G. H. Brown, Pnoc. I.R.E., vol. 24, p. 54; January, (1936).
.

00 /20 0 /60 /60 200 220 eqo 26
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decrease in the amount of high angle radiation. For a = 135° the current
node is half way up the antenna giving a complete cancellation of the
ground wave and a very large lobe. As a is increased to 1.10° the ground

wave becomes a maximum with an appreciable high angle lobe. At,
a =1-15° the high angle radiation is quite low with only a slight decrease
in the ground wave. This should be a good condition of operation to
minimize fading.

The horizontal field intensity and radiation resistance are plotted
in Fig. 11 as a function of a. For maximum ground wave the radiation
resistance, is extremely low. As a is increased slightly the radiation re-
sistance increases to more reasonable values for the practical operation
of the antenna..
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Fig. 11-Calculated horizontal field intensity of the ground -wave and the radia-
tion resistance of a loadOd quarter -wave antenna as a function of the current
distribution expressed in terms of a.

LOADED QUARTER -WAVE ANTENNA EXPERIMENT

The recording shown in Fig. 12 verifies that the fading is materially
reduced when the antenna is properly loaded. The loading capacity of
0.01 micromicrofarad should give a vertical radiation characteristic
corresponding closely to the theoretical condition of a =145°.

Since the radiation resistance is quite low for both conditions of
loading it is to be expected that the efficiency on the experimental
model will also be low. Measurements show that the radiation efficiency
as compared with the standard quarter -wave antenna is only 43.5 per
cent for the first condition of loading and 36.2 per cent for the second
condition of loading. This low efficiency is due primarily to copper loss
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in the method used to load the antenna. By proper design this effi-
ciency can be materially improved.

Fig. 12-Fading measurements made on a loaded quarter -wave antenna.
Radial distance from transmitter -53 miles
Receiving antenna -20 -foot vertical-tuned.
Horizontal field strength near the transmitter is the same for each condition
of operation
The power input to the standard quarter -wave antenna is one kilowatt by
direct measurement.

3 :15-3 :35 loading capacity =0.0065 micromicrofarad
3:55-4:14 loading capacity =0.01 micromicrofarad
4:29-4:45 standard quarter -wave antenna

CONCLUSIONS

This investigation indicates that the condition of maximum ground
wave is in general accompanied by a large high angle lobe for short
vertical radiators. The best condition of operation is then, not to ob-
tain a maximum ground wave but to minimize the high angle radiation.
Short vertical radiators usually have a very low radiation resistance
when a good vertical radiation characteristic is obtained.

The ground wave can be increased as the height of the antenna is
increased. Care must be exercised in selecting a vertical radiation
characteristic which does not have associated with it an extremely low
radiation resistance. As the antenna height is increased the radiation
resistance in general will increase to reasonable values and hence give
good antenna efficiency.

The power rating for loaded antennas should not include the con-
ductor resistance losses of the loading system. On this basis even low
efficiency loaded antenna systems can be made to increase the primary
coverage of a radio broadcast transmitter, while at the same time re-
duce fading and distant interference with other stations.

The author believes that further work should be carried on along
the lines of an investigation of the radiation properties of solid contour
surfaces, if extreme heights are to be avoided. Since air nagivation limits
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the height of most broadcast antennas, this seems to be the logical
road to further improvement. Similitude measurements on models at
short wave lengths should be a good method to use in such an investi-
gation.
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THE MEASUREMENT OF RADIO -FREQUENCY POWER*

BY

A. HOYT TAYLOR

Summary -The possibilities of the cathode-ray wattmeter have been investi-
gated between sixty cycles and forty megacycles. Its use can be extended to between
100 and 200 kilocycles by the use of either selective or nonselective amplifiers, thus
permitting a wide range of power sensitivity. When the nonselective amplifier is used
or when no amplifiers at all are used, the power measured includes all the har-
monics; when the selective amplifier is used, the power is limited to the power on that
frequency to which the amplifiers arc tuned. The wattmeter has been extended by the
use of a suitable pickup mechanism and suitable selective amplifiers to forty mega-
cycles. For some purposes it is an indispensable instrument and for others a very
useful instrument permitting more rapid, if not as accurate, measurements than are
possible with other methods.

MOST of the well-known methods for the determination of radio -
frequency power are subject to certain errors and certain limi-
tations of application. One very well-known , method often

used for the determination of the power output of transmitters involves
their operation into a dummy antenna whose effective resistance is
known; The measurement of power is accomplished by multiplying
the known resistance by the square .of the observed radio -frequency
current. At relatively low frequencies this method is satisfactory for
many purposes. It is safe enough at low frequencies to assume that the
current in one part of the resistor is the same as in all other parts; it
is easy to provide satisfactory resistors for almost any reasonable
amount of power, and it is not difficult to make what small correc-
tions may be needed for skin effect. Finally, it is possible, by using
properly calibrated ammeters adjusted sharply to respond only at defi-
nite frequencies, to break down the total power into the fundamental
and harmonic components. However, as we proceed to higher frequen-
cies all of these things become more difficult. It is no longer safe to
assume a uniform distribution of current in the load resistor; it is not
always easy to allow for skin effect, and it is often very difficult to pro-
vide any suitable resistors adequate for dissipating the necessary
amount of power. Moreover, the resistors are likely to be inductive.

One common method of avoiding some of the difficulties set forth
at the conclusion of the preceding paragraph is to operate the source of
power into a lamp load. The purpose of this sort of operation is to pro-

* Decimal classification: R240. Original manuscript received by the Institute,
May 6, 1936. Presented before joint meeting U.R.S.I.-I.R.E., Washington,
D. C., May 1, 1936.
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vide a load of high specific resistance and very small diameter of con-
ductor, thus reducing skin effect. However, in order to avoid any am-
biguity as to just what power is consumed in the load, it is customary
to compare the brilliancy of the lamp under the influence of its high -
frequency load with its brilliancy when excited by sixty cycles or di-
rect current. However, conditions can readily arise where this proce-
dure is not satisfactory. In order to measure considerable amounts of
power; it is often necessary to build the filaments in spirals of small
diameter. This immediately gives a considerable reactance component
to the load and permits the establishment of standing waves, especially
if harmonics are present. One instance is recalled where such a lamp
operating at fourteen megacycles developed a rather strong forty -two -
megacycle harmonic which happened to form a standing wave on. the
filament so that the filament was very much hotter in some places than
in others. There is a double disadvantage to this; first, even though our
brilliancy measurements may lead us to a fairly correct knowledge of
the lamp resistance at the fundamental, we cannot safely assume that
the lamp has the same resistance for harmonic currents; furthermore,
our brilliancy measurements are not worth much because we do not
know what part of the filament to look at, and it is difficult to get an
average brilliancy, and interpret its physical meaning. Even if we break
down the current into the harmonic components by the use of uniwave
ammeters, we cannot derive from this information the distribution of
harmonic power because the load has resistances differing for funda-
mental and for each harmonic. Finally, at very high frequencies it is
almost impossible even in the absence of harmonics to get an even
temperature on the lamp filaments from one end to the other. The lamp
load method certainly has its conveniences and useful applications, but
it is capable of giving errors in excess of twenty-five per cent in the
power determined if conditions happen to be particularly unfavorable.

When we come to the measurement of the power from a transmitter
into an actual antenna, we find ourselves still more limited in the num-
ber of available methods for power determination and in the accuracy
of those that we do use. There are certain well-known forms of antenna
which, if erected in a free space, would have, looked at from some par-
ticular point where we might install an ammeter, a known and cal-
culable resistance. Actually, however, antennas never function in free
space but are much influenced, especially in their effective resistance,
by their immediate surroundings. Then, too, it is often necessary, es-
pecially in the naval service, to operate an antenna, at many frequen-
cies, and it is difficult to determine accurately the effective resistance
at all these different frequencies, for many of which the antenna will
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not be in a resonant condition. It should also be noted that the Per-
formance of the transmitter into a dummy antenna may not be the
same as when operating into the real antenna for which it may be de-
signed and there is a very bad discrepancy if it is forced to operate into
an antenna for which it is not specifically designed. The greatest diffi-
culty comes in the distribution of harmonic current and harmonic
power. A transmitter which might be expected to perform fairly well
as far as harmonics are concerned on a suitable dummy antenna, can
show a much higher harmonic content with the antenna into which it
must ultimately operate.

The considerations mentioned proved an incentive to investigate
the possibilities of less familiar methods of measuring alternating -cur-
rent power. Since it is very natural to correlate the measurement of en -

Ch RZ

Li

Fig. 1

ergy or of power with the measurement of an area, it is very natural
that the cathode-ray oscillograph should have been used early for this
purpose both in this country and abroad. However, a search of the
literature failed to disclose any serious attempts to make practical ap-
plication of the cathode-ray oscillograph for this purpose except at rela-
tively low frequencies. Apparently no determined attempt had been
made to see what frequency limits could be reached and how practical
an instrument could be produced. It was decided to start the investiga-
tion at sixty cycles and work upward. Fig. 1 shows a very useful circuit
at low and moderate frequencies, say twenty-five cycles to 100 kilo-
cycles. The load L consisting of resistance, inductance, and capaci-
tance, is supplied power from the lines entering at the left of the dia-
gram, provision being made for grounding one side of the circuit if so
desired. In series with the load is a capacitance of suitable size, C. The
voltage drop over this capacitance is led to one pair of plates of the
oscillograph. Across the load is placed a very high resistance, nonreac-
tive potentiometer made up of the resistors, R1 and R2. The drop over
the smaller of these two resistors is then led to the other pair of plates
on the oscillograph. In the following discussion

A area traced out on the oscillograph screen.
x = linear deflection along the voltage axis.
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y = linear deflection along the current axis.
instantaneous value of charge on condenser C.

K1 and K2 are constants of proportionality depending on sensi-
tivity of the oscillograph.

T= period of a complete cycle.
F = frequency of a complete cycle.
e and i are instantaneous values, respectively, of voltage and cur-

rent in the load.

A= fxdy : x = : y- =,

dy K2 dq K2 K2

dt C dt C
dy

2

zdt

K
dA = K1e idt

A/cycle = K1 iC2 C T
J

eidt
C 0

1

0 0

eidt

F

7'

power = - eidt = F
7'

F A/cycle C
power = = KFCA.

K1K2

In the discussion it is not assumed that the current in the load L
is sinusoidal in character but it is assumed that it is a periodic function.
It will be seen that at any given frequency there is a linear relationship
between the area of the figure on the oscillograph and the power and
that this is independent of the wave form; in other words, the power
represented by the area includes the harmonic power. Since we shall

want from forty to 100 volts on the terminals of the oscillograph in
order to insure adequate sized areas, the method shown in Fig. 1 will
not operate at low power. There is no particular upper limit of power,
however, since high voltages can be reduced by a suitable potential
divider and high currents can be accommodated by enlarging the value

of the capacitance C. If transmission lines are used to connect the load
with the oscillograph proper, they must be of substantially the same
length for both the current legs; otherwise, a phase-adjusting mecha-
nism will have to be provided somewhere. It is customaryto check phase
by substituting for the load L a pure capacitance of suitable value. The
trace on the oscillograph should then be a straight line but not neces-
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sarily at 45°. The slope of the line will depend upon the choice of R2 and
capacitance of C. If the pure capacitance shows a thin small slanted
ellipse it means that there is a phase error somewhere, probably in the
resistors R1 and R2 which have to be chosen with great care as the fre-
quency is raised. In order to make the method available for measure-
ments at low power, it is desirable to include amplifiers in both voltage
and current legs. However, these amplifiers must be designed with
great care; they must be flat over the range of frequencies to be meas-
ured, including all probable harmonics, thereof, and they must have
either no phase distortion or if there be a small phase distortion, it
should be the same for each amplifier. Since this condition is sometimes
difficult to realize perfectly it is advisable to have a resistance capacity
combination between the output of, one of the amplifiers and the oscil-
lograph in order to make small angular shifts of phase, thus enabling a
perfect line-up on the phase when the test capacity is put in the place
of the load. The first radio -frequency wattmeter constructed at this
laboratory was intended only to cover from twenty-five cycles to 100
kilocycles and it was built along the lines just described. The oscillo-
graph was mounted with the tube vertical, the screen end level with
the top of a "tea wagon." The amplifiers, standard calibrating resist-
ances, potentiometer, etc., were all mounted in one compact portable
assembly. The instrument was calibrated by applying a reasonably
pure sine wave to .a standard noninductive resistor placed in the load
position. Thus, the power in the load can be calibrated as i2r and re-
lated to a measured area. By,carrying out this calibrating at a number
of different levels a check may be had of the linearity of the system.
Needless to say, any lack of linear response on the part of the ampli-
fiers or oscillograph introduces errors and it is very difficult to devise
any means of calibrating to allow for that. If all measured areas were
of the same shape, due allowance could be made for lack of linearity
but since some areas are nearly round and others are slender ellipses
sliding over into either the inductive or capacitive quadrants, the ef-
fect of nonlinearity is decidedly complicated. If we would presuppose a
knowledge of the phase angle and full knowledge of the response curve
of both amplifiers, we could make a correction. But since one of the
prime purposes of such a measurement is to determine the phase angle,
this sort of thing would be useless; when we consider further the pres-
ence of harmonics, the picture becomes still more complicated. The
only satisfactory solution is to have amplifiers reasonably good over 
the range of frequencies and voltage to be handled and be satisfied with
the resulting accuracies.

This first instrument having proved.veryuseful for a variety of pur-
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poses, it was decided to extend the measurements to higher frequencies.
The circuit shown in Fig. 1 is capable of operating up to several hun-
dred kilocycles without serious difficulty as long as one does not use
amplifiers, i.e. as long as there is sufficient power available to measure,
but to obtain a wide range of sensitivity it is absolutely necessary to
use amplifiers. Some amplifiers used in television work might be useful

at this stage of the investigation but it is unlikely that one having phase
fidelity, linearity, and reasonably flat response could be expected to go
higher than 500 kilocycles. Since it was desired to push the investiga-
tion into the superfrequency band, the decision was made to go to the
tuned radio -frequency type of amplifier: Once this decision was made
there was no longer any particular reason to continue the use of the
condenser pick -off at C in the current leg or the use of the potentiome-
ter R1 and R2: Experiments showed that a current transformer at posi-
tion C was equally useful since the use of the sharply tuned radio -
frequency amplifiers limits the measurement to a particular frequency
and excludes harmonics. Moreover, many situations have arisen where
it is highly desirable to put the current transformers in the high po-
tential side of the load rather ,than in the low potential; still further
situations would require push-pull operation as in transmission lines
and, therefore, it was decided to build two current transformers whose
secondaries would pick up a voltage proportional to the resultant cur-
rent; one such could be placed in either side of the transmission line.
For the voltage pick -off it was decided to use a small capacitive cou-
pling. This also was arranged in duplicate so that push-pull operation
would be possible. Considerable study had to be made of the current
transformer if it was to be used at a high potential point since the situa-
tion. was very complicated if both electrical and mechanical couplings
were allowed to function simultaneously between the primary and
secondary of the transformer. The current transformer was ultimately
made up with a single turn primary about two inches in diameter and a
multiple secondary variable from three to six turns, electrically
shielded from the primary.

Figure 2 gives the schematic arrangement of parts for this assembly.
The load is represented as a combination of resistance, inductance, and
capacitance at L, the power supplied from the lines entering from the
left. The two current transformers are labeled C7.11 and CT2, respec-
tively. An electrical shield made of fine copper wire open at one end
and grounded at the other is placed between time primary and second-
ary. The secondaries of these two transformers are arranged in series
and connected to the transmission line. The voltage delivered to the
transmission line is therefore proportional to the vector sum of the



1348 Taylor: Radio -Frequency Power

high -frequency currents through the primaries of the transformers
CT1 and CT2. The right-hand end of this transmission line is connected
to the input of the radio -frequency amplifier A2. The input coupling
coil is electrically shielded from the grid coil of the amplifier to which
it is coupled. A similar transmission line leads from a similar amplifier
Alto the voltage pick -off which is connected to the terminals of the load
by way of the two pick -off condensers C1 and C2. These condensers are
so constructed that they are thoroughly shielded and adjustable over
a considerable range of capacitance. However, this capacitance is
always kept small. The condenser plates are two disks two and one-
half inches in diameter. The two current transformers are also care -

A,

Fig. 2

fully shielded. Provision is also made for external shunts on the
primaries of these transformers, these shunts being necessary when
measuring heavy currents. The apparatus to the left in Fig. 2 is
mounted in one unit separate from the wattmeter proper, this unit be-
ing so arranged that it can be placed at the side of a transmitter near
the output terminal or near the input or output of transmission lines.
It is called the pickup mechanism. The transmission line may be of any
reasonable- length, it being advisable in spite of careful shielding to re-
move the amplifiers and associated oscillograph some distance when the
output of a powerful transmitter is being measured. We have found the
RCA 905 to be a satisfactory cathode-ray tube for this purpose and the
RIB .25 tubes make reasonably satisfactory amplifiers. These ampli-
fiers are provided with plug-in coils and two sets of input and output
tuning condensers so that the total frequency range covered is from
200 kilocycles to forty megacycles. It is advisable to mount the
cathode-ray tube in such a way that the leads are as short and as sym-
metrical as possible. Otherwise the output LC ratio of the amplifiers will
be too low, cross -coupling will exist and the apparatus will function



Taylor: Radio -Frequency Power 1349

badly at the higher frequencies. For transmission lines it is advisable,

on account of certain difficulties to be mentioned later, to use lines of

reasonably low attenuation and a very low impedance sheath. Fig. 2
shows a symmetrical circuit such as would be used with the output of a
push-pull driver or transmitter or in working with a symmetrical trans-
mission line. However, if a.unilateral circuit is used, one of the current
transformers, as CT2 for instance, can be omitted and one side of the
voltage line can be grounded as at C2. There is an alternative method
of connecting the voltage pick -off leads; viz., ahead of the current
transformers instead of following them. In the method illustrated in
Fig. 2 any losses in the voltage measuring circuit will be reflected as
an error in the wattmeter reading. If the alternative method of con-

nection is used, any losses in the current transformers will be reflected

as an error in the reading. Fairly satisfactory measurements have been

obtained between 200 and 30,000 kilocycles. Between 30,000 and
40,000 kilocycles discrepancies and errors rapidly increase so that at
40,000 kilocycles the accuracy is probably not better than fifteen per
cent. The apparatus is sufficiently flexible to cover a wide range of

power down to 1/100 of a watt and also to cover a wide range of both

current and voltage.

METHOD OF CALIBRATION

Since changes in phase occur not only in the pickup mechanism
but in the amplifiers themselves according to the tuning thereof, it is
necessary after adjusting the instrument to the proper sensitivity level
for the currents and voltages to be measured, to obtain a preliminary
set of phase. The supply voltages to the power packs, not shown in
Fig. 2, which feed the oscillograph and the amplifiers, are run thrOugh

voltage regulators. It is advisable to turn on these power packs and the
amplifiers sometimes before measurements begin in order that tem-
perature changes may not cause shifting in phase. However, this is not
as important as might be supposed because the amplifiers reach equi-
librium within a short time and whatever phase shifts there may be are
approximately symmetrical in the two amplifiers and therefore the dif-
ferential phase shift is very small. There will, however, be some small

change in sensitivity due to temperature changes if the preliminary
warming -up process is not used. Even when operating as high as thirty
megacycles it was found that the settings could be readily duplicated
from day to day. The phase adjustment is made as in the case of the
instrument illustrated by Fig. 1; viz., by putting an Isolantite in-
sulated capacitance of suitable dimension in place of the load. This
has a negligible power factor in so far as its bearing on the accuracy of
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these measurements is concerned. Assuming this power factor to be
zero, the figure on the oscillograph is then adjusted by slightly mis-
tuning one or both of the tuning controls on one or the other of the
amplifiers. Having set the phase properly, it is then necessary to cali-
brate the wattmeter on a standard load. This is a matter of great diffi-
culty for high power loads and has been superseded by another method
which will be described later. For light loads up to twenty-five watts,
we have fOund the so-called Zircon resistors most satisfactory. While
these resistors have some temperature coefficient they do not heat up
unless left in the circuit for long periods, and calculations have shown
that their skin effect should be almost negligible even at 100 mega-
cycles. Because they may vary from day to day, their direct -current
resistances are frequently measured. On the whole the shifts have not
been large and they may be considered one of the most satisfactory
resistances available for very high -frequency work. Before accepting.
these resistors they were subjected to rigid tests. Suitable drivers of
pure wave form were constructed. for supplying the load and covering a
wide range of frequencies. Certain lamps of simple, structure and cal-
culable skin effect were theh constructed and used up to fifteen mega-
cycles for calibrating the wattmeter. The lamps themselves were, of
course, checked by observing the brilliancy under equivalent sixty-
cycle loads, using for this Photronic cell. A num-
ber of Zircon resistors of various sizes were then measured, using the
wattmeter calibration as given by the standard lamps. The agreement
between the high -frequency and the direct -current resistance was so
good that it was evident that the .departure was small enough to fall
within the limit of accuracy of our measurements. Small errors indeed
were discovered at first, but they were traced to errors in the radio -
frequency meters used to determine the calibration current. Therefore,
all radio -frequency meters were subjected to a calibration at radio fre-
quency before being used in this work. These meter errors are in many
cases so large that they warrant a special investigation which it is
hoped will be subsequently reported in another paper. Suffice to say
that means to allow for these errors were worked out. Having found by
theory and experiment that the Zircon resistors had no measurable skin
effect at fifteen megacycles, it was assumed safe to consider that they
would be satisfactory up to forty megacycles since theoretically they
should be satisfactory up to 100 megacycles. In connection with stand-
ard resistors, another type was worked out which was made up of five
parallel connected windings of No. 44 Cupron wire, each layer being
wound on a small mica strip, each strip separated by a small air space
from its neighbor and all mounted on a General Radio plug. These re-
sistors will carry '500 milliamperes for short periods and 300 continu-
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ously. They have very little temperature coefficient and have no serious
inductive reactance up to fifteen megacycles. At. thirty megacycles
their inductive reactance is entirely too high. These resistors were made.
up in units from one to twenty ohms and could be combined usefully
in various ways. Incidentally, as checked against the standard lamp
and against; the Zircon, their resistance up to fifteen megacycles was
sufficiently close to the direct -current value so that no correction was
needed. A number of other alloy wires were tried but with no satisfac-
tion. In most cases the inductive reactance was very high and the de-
parture from the direct -current resistance value was very great. Below
five megacycles it was found that, the Ward Leonard plaque resistors,
both the two -ohm and the twenty -five -ohm sizes, were very good and
very convenient, especially as they will carry more power than either
of the other two resistors. Beyond five megacycles their inductive re-
actance is very high, although their resistance still does not depart
much from the direct -current. value. Inductive reactance is very objec-
tionable in resistors at very high frequencies as in a given resistor as-
sembly it is so easy under these conditions for standing waves to de-
velop. Excessive voltages are required to overcome the inductive
reactance and this all results in an elongated narrow ellipse in the in-
ductive quadrant on the oscillograph which is not' easy to measure
accurately and is subject to large errors if there is a very small mistake
in the phase -angle setting. This method of calibration then consisted in
inserting a standard resistor of appropriate value, measuring the cur-
rent through it with a previously calibrated radio -frequency meter, and
observing the area produced by the oscillograph.

In order to lead up to the second method of calibration, which is
especially suitable for high power, it is advisable to give a simple
analysis of the circuit of Fig. 2. The symbols bear the same meaning
as in the previous analysis of Fig. 1 except that K1 and K2 now include
components introduced by the amplifiers Al and A2 and therefore are
functions of the frequency. They also include the transfers through the
voltage pick -off condensers and through the current transformers
which are again functions of the frequency. One new symbol is intro-
duced, 6, which is the arbitrary shift of one of the amplifiers away
from resonance, which shift is necessary to line up the phase.

x = KLE sin cot

y = _K2/ sin (cot + ± 5)

A = f xdy

--= IC2K1EICO sin cot  cos (wt + 5)d (-).
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Let,

a = + 5
cos (wt + a) = cos wt cos a - sin wt sin a

/co r2
A = K1K0E - (sin wt cos oil cos a - sin' col sin a)d(cot)

w o

EI
- 2K1K2 7 sin (cb + 6)

2

EI
= - 2KiK2 7 COS - - 6)

2 9.

if - 5 = 0 by adjustment

EI
Acycie = 27-KiK27- cos 4)

cycle
power =

2 7KIK2

If the phase angle is zero, i.e., the load is wholly resistive, the above
equation can be derived very simply by computing the area of the
ellipse which will have a semidiameter one way of KILT and a semi-

diameter the other way of KZ. Hence,

A = 7,-KiK2E/ = 2-,TKIK2P

From the above equation it is evident that if one knows the sensi-
tivity of the current leg in centimeters deflection per ampere and the
sensitivity of the voltage leg in centimeters deflection per volt, one can
compute the calibration constant or watts per unit area. Now, if we
have a driver of pure wave form and a properly calibrated radio -fre-
quency ammeter, we can get both these quantities without recourse to
high power. The current leg can and should be calibrated practically
on a short circuit, that is to say, at low voltage, and the voltage leg
can be independently calibrated by the same method using the po-
tential drop over a very high resistance with a small current through it.
The drop over a known capacitance can also be used for this calibration
and voltage but it is difficult because at high frequencies the inductance
of the leads, short as they may be, will introduce some error. This
obviates a very serious limitation on the use of the instrument. At
very high frequencies there has so far not been produced a satisfactory
standard resistance capable of dissipating high power.
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D1SCITSSION OF ERRORS

(a) Linearity
The error introduced by improper setting of phase and by im-

properly calibrated radio -frequency ammeters have already been dis-
cussed. The choice of the proper voltages for the different, elements
of the tubes should be so made that the system as a whole will be as
nearly linear as possible. This includes, of course, the pickup device,
the transmission lines, the amplifiers themselves, and the oscillograph.
With a fixed frequency (obviously this should be held constant. during
calibration and measurement) there is no reason to suspect nonlinear
performance in either the pickup device or the transmission line. It is
possible to find a certain degree of nonlinearity in the cathode-ray tube
and in the amplifiers. In testing for nonlinearity the procedure has been
to test each leg independently from the pickup device clear through to
the oscillograph and to adjust the voltages on the amplifier elements
for the most. linear over-all response. No question of harmonics enters
in here because the two tuned circuits in the amplifiers effectively ex-
clude them. It has been possible to make this device sufficiently linear
over all to make very practical measurements up to thirty megacycles
and useful measurements somewhat beyond, how far we do not yet
know.

(b) Effect of Modulation,

The effect of frequency modulation is disastrous as the nature of
the amplifiers is such that rapid changes in both phase and amplitude
will occur as the frequency varies. The effect of energy modulation is
to produce the well known cat's-eye figure which is an ellipse within an
ellipse, the intervening space between the two being filled with suf-
fused light. These areas represent minimum and maximum powers and
may be readily used if so desired for a determination of the percentage
of modulation. However, if the modulation introduces radio -frequency
harmonic distortion, the power involved therein will not be measured
but only the fundamental power.

(c) Effective Shielding
Very effective shielding and by-passing must be used so that there

will be no intercoupling between the two amplifiers by way of power
supply and so there will be no direct pickup between the amplifiers and
the power source except what is delivered over the transmission lines.
Intercoupling between the amplifiers is ruinous for many reasons but
particularly because it is liable to lead to regeneration involving rapid
phase shifts and nonlinearity. Tests for interaction between the ampli-
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fiers may readily be made by tuning both of them to the.frequency in
question and exciting one only from the transmission lines. If the other
amplifier also shows a considerable deflection there is interaction, in-
dicating improper by-passing of leads to the common power pack or in-
complete shielding. Pickup between the amplifiers and the source of
power may, of course, be tested by disconnecting both inputs.

(d) Phase Displacement Due to Time of Flight of Electrons in Tube

There is a phase angle introduced into the figure on the oscillo-
graph due to the time of flight of the electrons from under one pair of
deflector plates to under the other pair. At ten megacycles this may
amount to eight or ten degrees and will have higher values on higher
frequencies. This is automatically taken up in the initial phase -setting
operation since we adjust the figure on the capacitive load to a straight
line.

(e) Cross Coupling

This name has been given to a possible unbalanced coupling which
usually exists in most cathode-ray tubes between the two pairs of ele-
ments. This may be within the tube itself or may involve the arrange-
ment of the leads. It can be neutralized by a very small capacity usu-
ally not over two or three micromicrofarads connected between the
proper pair of electrodes so as to balance this effect out. Having first
ascertained that there is no reaction between the two amplifiers, it is
only necessary to place them both in tune, exciting one of them and
then adjust the small condenser until the very small deflection on the
opposite axis disappears. A false adjustment can, of course, be made if
there is interaction between the amplifiers but this state of affairs will
betray itself by dependence of the phase setting on the amplitude be-
cause there will be regeneration present in nearly every case. There-
fore, after balancing out the cross coupling, it is well to put in the phase -
setting condenser, recheck the phase, and observe that the slope of the
line does not change when the current through the phase -setting con-
denser is increased and diminished. The line should change its length
but not its slope. Neither should it open up into an ellipse. If it changes
its slope there is a different degree of linearity on the two axes; if it
changes into an area (small ellipse) there is probably regeneration and
interaction between the amplifiers. Good design will eliminate these
difficulties.

(f) The Effect of Radio -Frequency Ground

As in most measurements of high frequency the question of suitable
ground connections is a very important one. Theoretically there should
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be a perfect ground connection at the pickup mechanism and its asso-
ciated shields and at the amplifier with its associated shields. Prac-
tically, the use of leads connecting to water pipes, steam pipes, etc.,
is useless because these leads cannot be made short enough to have a
low reactance and the result will be that the pickup system as a whole
will be oscillating above and below ground potential by an amount
different from that at the wattmeter proper, including the amplifier.
Therefore, a counterpoise ground is very much to be preferred. Such a
ground may have strips of thin copper or copper screening about one
foot wide which have been found useful. Moreover, it is advisable to
connect the counterpoise system at the pickup mechanism with that
at the wattmeter proper with additional strips of the same material,
upon which lie the transmission lines connecting these two parts of the
mechanism. Finally, in order to avoid accidental pickup of voltages
by the transmission line from sources not involved in the measurement,
it is highly necessary that the sheaths of the transmission lines be

=i grounded at numerous points to the counterpoise system. To test for
this type of stray pickup it is advisable to note the deflections on both
axes of the oscillograph under the following conditions: First, when the
connecting plugs at the end of the transmission line are disconnected
from the pickup mechanism; second, when they are heavily short-cir-
cuited; and third, when the pickup mechanism itself is entirely discon-
nected from the transmitter but the transmitter itself is in operation.
Naturally, this sort of stray pickup increases as the frequency is in-
creased and must be carefully guarded against principally by proper
 choice of counterpoise grounds. These grounds must be brought clear
up to the device in question and connected with extremely short and
heavy leads of low impedance.

(g) Method of Measurement of Area

It is possible with one type of planimeter with a separate table for
the rolling wheel to measure directly on the end of the oscillograph
tube. However, this introduces an error on account of the curvature of
the tube, and it has been found on the whole much better to make a
copy of the trace on thin paper and subsequently to measure this trace
with the planimeter. After a little experience the operator becomes ex-
traordinarily accurate in this work and there is little difficulty in re-
peating planimeter measurements made this way to better than one
per cent unless the areas are abnormally small. The misbehavior of the
planimeter when operating directly on the end of the cathode-ray tube
could he corrected if the tubes had a flat end but this would weaken
the structure of the tube and would, moreover, introduce another error
in the nature of a nonlinearity of the tube deflections themselves.
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(0 Transmission Lines
Some work was done at thirty megacycles with transmission linos

having rather high impedance sheaths. This resulted in undesirahle
stray pickup and other difficulties which were effectively eliminated by
using properly constructed lines. For a non portable setup, concentric
transmission lines with copper tubing and lsolantite beads would cer-
tainly be preferable. A transmission line with a poor sheath can even
be used if the sheath is not covered with insulation and if that sheath
is grounded frequently to the counterpoise system. This prevents large
differences of potential existing in the sheath. It should be mentioned
that these difficulties are all a great deal less troublesome with push-
pull operation and symmetrical circuits. They are principally trouble-
some with a unilateral circuit, one side of which has to be grounded.

(i) Effect of Screen Current in the Current Transformer

Since it is necessary in many cases to have the current transformer
on the high side of the load, the question arises to what effect is pro-
duced by the capacitive current between the primary of the trans-
former and the electrical screen between the primary and the second-
ary.. At high frequencies this current may be of sizable dimensions.
A great many tests have been made as to the effect of this screen cur-
rent and it has been concluded that with properly designed transform-
ers, this current is practically wattless and therefore does not influence
the area which determines the power. It does, however, modify the
shape of that area since the capacitance between the primary of the
current transformer and the screen is in effect a capacitance in parallel
with the load. The only place where the screen current has proved to
be embarrassing is in the determination of the current constant of the
instrument, which is used in calculating its sensitivity for high power.
Whenever this current constant is determined it should be determined
at low power, although with the necessary current commensurate with
the measurements to be made, and the current, transformer should be
as near ground potential as is possible. Under these conditions the
screen current is negligible. Since both methods of calibration are avail-
able at low power, say under twenty-five watts,.it, is possible to cheek
the validity of this reasoning by determining the constant by both
methods and comparing the results; i.e., the constant is computed from
the volt sensitivity and the current sensitivity and then it is also di-
rectly measured by getting the area for a known current through a
standard resistor. Since even as high as at thirty megacycles these re-
sults usually agree within five per cent it is concluded that, the screen
current does not introduce any very serious losses.
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U) Losses in the Current Leg
Any method of measurement requires the consumption of some

power. If the amplifiers are sufficiently sensitive and the transmission
lines are not too long and are operated close enough to the matching
point, these losses can be kept low. It is evident from an inspection of
the circuit in. Fig. 2 that the larger losses are to be expected in the cur-
rent transformer. Fortunately, there is a way of determining this if we -

use the alternative connection of the voltage leg; viz., ahead of the volt-
age transformer. In this case as in any voltmeter and ammeter method,
the losses in the voltmeter are out of the picture and only the losses in
the ammeter are involved. If, then, we determine a series of areas on a
number of different standard resistors all carrying the same current
and plot these areas versus resistance in a curve, we shall determine
two things: First, if the curve is a straight line as it should be, the in-
strument is giving a linear response. If this is not true, the voltages
on the amplifier should be adjusted to the best possible approximation
to over-all linearity; second, if there are losses in the current leg, then
this curve when extended will not pass through the origin of co-ordi-
nates but will intersect the resistance axis of the curve at a point to the
left of zero, thus indicating the equivalent resistance of the current
pickup. When working at very small powers, say orthe order of one -
tenth of a watt or less, and at frequencies as high as thirty megacycles,
the current pickup may have an effective resistance as high as twelve
ohms, but when working at higher power levels the coupling between
primary and secondary of the current transformer is reduced and an
external shunt is usually added on the primary. Even at high frequen-
cies, this usually reduces the loss resistance of the current pickup to
less than an ohm.

(k) Loss in Voltage Pickup
The loss in the voltage pickup, while unquestionably much smaller

than in the current pickup, is harder to determine. The method of con-
nection of the voltage leg as shown in Fig. 2 is then used and since the
simplest way to consider this loss is as a high shunt resistance across
the load, it can be determined by carrying out a series of measurements
at constant voltage and a variety of currents with a series of resistors.
The curve which we now plot will be reciprocal resistance against area.
However, this method is not satisfactory at high frequencies where we
really need it. The losses are known to be too small to bother with at
the lower frequencies. It fails at high frequencies because of the uncer-
tainty as to the voltage, and this uncertainty comes about because of
the inevitable inductive impedance of the leads used with the various
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resistors. True, this can all be allowed for or separate voltage indicating
instruments can be used, but it is a laborious process. Therefore, the
alternative method of connection whereby the voltage leg losses are
excluded from the picture is usually to be preferred. However, a check
on the magnitude of the voltage leg losses can easily be had by measur-
ing a load by the method of connection shown in Fig. 2 and correcting
for the losses in the current transformer; then measuring again by the
alternative method of connection whereby the voltage pick -off is
placed ahead of the current transformer, and comparing results. If
there is a considerable discrepancy it must be due to the losses in the
voltage leg. Usually the discrepancy is well within the limits of error of
the measurement. This assumes, of course, reasonably sensitive ampli-
fiers in the voltage leg.

(1) Reliability of Measurements

It is believed that if precautions outlined above have been taken,
power measurements can be relied upon to within seven per cent at
thirty megacycles and to within three per cent at 200 kilocycles.

APPLICATIONS OF THE CATHODE-RAY WATTMETER

(a) Measurement of Resistance, Reactance, and Power Factor

The measurement of resistance as already indicated is carried out
by determining the power in the load with the wattmeter and dividing

TO CURRENT LEG
A MPL/FIER

CT, - --

70 VOLTAGE LEG
AMPLI,,ER

Fig. 3-Measurement of output of radio -frequency amplifier.

by the square of the current as measured by a suitably calibrated am-
meter. If the voltage and current axes have been independently cali-
brated for current and voltage sensitivity, the impedance measure-
ments may be made in the usual way by taking the ratio of the volts
as indicated on one axis of deflection and the amperes as indicated on
the opposite axis. The power factor can be determined by measuring
the area of the power ellipse and then computing the area of another
ellipse whose axes are parallel to x and y and whose diameters would be
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the maximum .r thlivetion and t he maNiinum y delleetion, respeetively.
This theoretical ellipse r(Tresenis the apparent polver of the circuit and
the power factor is the ratio between the area of I he measured ellipse
and the area of this calculated ellipse. The reactance may be deter-
mined if \Vi' have first determined the resist ance and poNver factor. The
direction in Nvitielt the ellipse slants will indicate whet her the reactance
is induetive or eapaciti\-e; i.e., if Ivo 11:11-e made our phase set so that
the straight line obtained at that time lies in the first :111(1 third quad-
rants, these \\*ill he the capaviti\-e quadrants and the seri-m(1 and fourth

(lundrants will be the inductil e quadrants.

(0 Antenna characteristics

'Hie power, phase angle, resist :owe, and impedance of an antenna
may he determined with the wat I met er at any frequeney within its
range and for any kind of an ant vima , tuned or nut tined. This is one
of the most valuable applications of the wait met or because it is very
difficult to get, by any other met hod, t hese constants for an antenna
which has traveling waves rather than standing waves. The current

r., c, rT Lro -----) 1

--1
! (;) ..

1 1 -
../ PZ. ,..(0

Fig. -t-Measurement of antenna power, fundamental or harmonic.

transformer for an antenna operated against ground is placed directly
in series with the antenna which is coupled in any of the standard ways
with the transmitter or driver, and the voltage pick -off is connected
by either of the methods mentioned earlier in this paper (see Fig. 4).
The component parts of the impedance are determined as indicated in
(a) above. For symmetrical antennas such as doublets, the push-pull
connection is used and the use of the wattmeter is particularly valua-
ble here because if there be any asymmetry in the system, it will never-
theless be taken care of because the two current transformers give a re-
sultant pickup proportional to the vector sum of the currents in the
two legs.

(c) Properties of Transmission Lines

The wattmeter is very useful connected to either input or output
of a transmission line. If connected to the input we may assume an
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arrangement similar to Fig. 2 except in the place of the load L we con-
nect on the two transmission lines. The correct match in the far end
of the line, may be approximately determined (for a reasonably good
line at least) by adjusting the coupling to the load at the far end until
the axes of the power ellipse are closely parallel to x and y, respectively,
indicating 100 per cent power factor for the system. If the known re-
sistance load be substituted at the far end of the line, preferably in
the form of two equal resistors with a calibrated ammeter between
them, the attenuation of the line may be determined by comparing the
output power computed from 12R and the input power as indicated by
the ellipse on the oscillograph. It is possible to make measurements
very rapidly by this method.

(d) Output of a Transmitter
As already indicated, the output of a transmitter can readily be

measured for either unilateral or push-pull types by connecting the
current transformers directly in series with either an artificial or real
antenna. It should be remembered, however, that the power measured
is the fundamental power only, to which the wattmeter is tuned.

(e) Radio -Frequency Efficiency of Tubes (See Fig. 3)

Studies are now being carried out on the radio -frequency conversion
efficiency of tubes used as power amplifiers. It is necessary to have a
driver of requisite power for calibrating purposes and of pure wave
form. The same driver is used for exciting the grid of the tube under
study. The current transformer is connected directly between the plate
terminals of the tube and the tuned plate tank circuit. For push-pull
tubes both current transformers are used. The voltage pick -off is con-
nected in the usual manner which means for a single tube between one
terminal of the current transformer and ground and for push-pull oper-
ation the two points of connection are two corresponding terminals of
the current transformer. However, there is a limitation as to frequency
in this method of determining the total radio -frequency power. We
are, of course, measuring the radio -frequency component of plate cur-
rent and the associated radio -frequency plate voltage. The power
measurement involves the power in the tank circuit plus the power
in whatever load is coupled to that tank. Now, at low frequencies, as-
suming the plate tank circuit to be in tune, a small current will flow
at quite a large voltage. The range of sensitivity on both current and
voltage legs of the wattmeter is adequate to take care of the situation.
Moreover, since under these conditions we shall have a good power
factor, we shall get an ellipse of such dimensions as to permit accurate
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Fig. 5-Arrangement for typical tests showing driver, pickup unit,
and wattmeter proper.

Fig. 6-General view of wattmeter proper showing voltage amplifier A.,, oscillo-
graph 0, current amplifier Ai, amplifier power pack A .P.P., oscillograph
power pack 0.P.P.
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measurement. At very high frequencies, however, the plate capacitance
acts as a considerable fraction of the total tuning capacitance of the
plate circuit and since we are measuring only the external circuits, the
impedance of the external circuit at high frequencies will inevitably be
highly inductive. This leads to a long narrow ellipse slanted over into
the inductive quadrant. Such an ellipse cannot be measured as ac-
curately as the shorter but broader ellipses one obtains at lower fre-
quencies. The effect of a small error in phase set is very much larger.
The work being done at present on this part of the problem is being
carried out between five and ten megacycles. Having determined the
total radio -frequency power in the tank circuit plus load, the watt-
meter can then be connected in the load alone whether it be artificial
or real antenna and the transfer efficiency of the tank circuit can
readily be determined.

(f) Dielectric Losses at High Frequency

Preliminary experiments have been made on power factor of small
condensers indicating that it may be possible to make phase -angle
measurements on dielectrics of standard test size inserted between the
plates of a two -plate condenser. It is not likely that these measure-
ments will be as accurate as those obtained by other means already in
use at this Laboratory, but they will be very rapid. This work has not
progressed to the point where we can speak of it with certainty.

(g) Percentage of Modulation

This has already been mentioned earlier in this report. Ordinary
forms of modulation produce the ellipse within the ellipse, the interven-
ing area between the two ellipses being filled with diffused light. Since
the inner ellipse represents a minimum power and the outer one maxi-
mum power during modulation, the percentage of modulation is readily
computed.

(h) Harmonic Power Analyses

The distribution of harmonic power in an antenna or put out from
a tube used as a frequency multiplier and operating into any kind of a
load may be determined within certain limits. This work is still under
way and at the present time it looks as though it would be difficult to
make any reasonable determination of harmonic content smaller than
three per cent. To make this determination the wattmeter is connected
in the usual manner appropriate to the circuit in question and funda-
mental power is measured in the usual way. To get the harmonic power,
the sensitivity of both voltage and current legs is increased until the
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over-all sensitivity of the wattmeter is perhaps a hundredfold what it
was for the measurement of fundamental power. Proper plug-in coils
are put in corresponding to various harmonic frequencies. By the aid
of a small driver of good wave form, the wattmeter is adjusted as re-
gards phase set and calibrated for each of these harmonics. The power
and phase angle can be determined for any of them within the limits
of measurement. The procedure is also valuable in adjusting a trans-
mitter for maximum fundamental power into a given antenna espe-

"04110111%.

Fig. 7-Another view of the wattmeter proper showing arrangement of tuning
controls on amplifiers.

cially if that antenna be of fixed dimension and not tunable. In this
case the antenna ammeter does not give a true indication of maximum
energy on the fundamental. Often the situation arises where an increase
in coupling will cause a transmitter to draw more power and to put out
more current in the antenna, whereas the wattmeter actually shows
that the fundamental power has gone down. This is only another illus-
tration of the fallacy of using nothing but an ammeter for this type of
adjustment. A qualitative analysis of the number and relative strength
of the harmonics may best be had by leaving the voltage leg tuned to
the fundamental while the current leg is increased greatly in sensitivity
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and then tuned through various harmonics as high perhaps as seven.
The Lissajous figures produced on the screen readily tell us what har-

. ... ............
............. :::.................

Fig. 8-Pickup unit. Current transformers at top, voltage pick -off condensers at
bottom. Connection by transmission lines to wattmeter proper.

monics are predominant and the amplitude of the deflection on the cur-
rent axes gives us a rough indication of the relative amplitude of these
harmonics. If we take the trouble to calibrate the leg current on each
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harmonic, we have of course the absolute amplitude of the harmonic
currents. However, the harmonic which has the largest current may by
no means show the largest power as it may be badly out of phase with
the corresponding harmonic voltage. Ten years ago a good many
transmitters were still in use which used frequency doubling or tripling
tubes in the output stage. One of these was set up and its output into
a long antenna was examined. In this case although this transmitter
working into a pure resistance load showed no harmonics in excess of

Fig. 9-Details of pickup unit.

three per cent, working into an actual antenna it showed not only a
considerable third harmonic but a strong subharmonic corresponding
to the frequency of excitation of the grid of the last tube in the trans-
mitter (which was operating at the double frequency). Of course, with
modern apparatus, subharmonics are not likely to be found. Other ap-
plications for the wattmeter are being investigated.

(i) Determination of Q
The best way of determining the Q of a coil with the wattmeter is to

neutralize its inductance at the frequency in question with a series
capacitance so that the power factor of the coil used as a load (see
Fig. 2) is approximately unity. This gives a good figure easy to measure
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and sufficient current can then be sent through the coil to get a good
measurement. Knowing this current and calibrating the power from
the measured area and knowing the value of the neutralized capaci-
tance, we have all the necessary data. It must be admitted, however,
that the method is neither as accurate nor as rapid as a Q meter espe-
cially when used with very high Q coils.

CONCLUSION

It is concluded that within the range up to thirty megacycles and
possibly somewhat higher, the cathode-ray wattmeter is a very useful
instrument provided not too high an accuracy is desired. It permits
attacking certain problems which are either impossible of solution with
existing instruments or involve very complicated circuit arrangements
and laborious calculations. It permits solving other problems, perhaps
not as well as by some other method but with far greater rapidity. The
assembly as a whole constitutes not only a high -frequency wattmeter
but a high -frequency ammeter and voltmeter and may readily be ar-
ranged so that the oscillograph itself can be used for any of the other
purposes for which that instrument is adapted.
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PART I
GROUND -WAVE PROPAGATION FROM SITORT ANTENNAS

Summary-Simple formulas and graphs are given which represent the ground -
wave field intensity at the surface of the earth as radiated from a short vertical antenna
at the surface of the earth. The theory is compared to some experimental results
reported by other investigators to determine its range of application. The diffraction
formula given is theoretically valid only at the lower frequencies; however, it was
shown that sky waves are important both day and night and over land and sea at
those distances where diffraction would otherwise 'cause a marked decrease in the re-
ceived field intensity. The attenuation formula given for the short distances where
diffraction may be nelgected is theoretically valid for any frequency and set of ground
constants; experimental data are given which show that the formula may be used

even at the ultra -high frequencies.

1. INTRODUCTION

N 1909 Sommerfeld' solved the general problem of the effect of the
finite conductivity of the ground on the radiation from a grounded
condenser antenna. Since that time many other investigators have

obtained similar solutions of the problem in various ways. However,
very few of these results have been left in a form convenient for en-
gineering use. It is the purpose ofthis paper to reduce the complex equa-
tions of the Sommerfeld theory to the form of simple formulas and
graphs which may readily be used by the engineer and to show their
limitations by comparing them to the available experimental data.

' It should be emphasized at this point that no formulas for field
intensity can replace measurement data. All of the formulas presented
here have been checked in certain frequency and distance ranges and
represent, the results of experiment fairly well in those ranges. When the
theory is used to predict the field intensity in other frequency and dis-
tance ranges than those for which it has been checked, then it must be
remembered that there is a possibility of error due to leaving out some
factor which becomes important in these new situations.

* Decimal classification: R113.7. Original manuscript received by the Insti-
tute, July 31, 1936. This paper represents work which was begun at the Na-
tional Bureau of Standards and completed at the Federal Communications
Commission.

1 Ann. der. Phys. vol. 28, p. 665, (1909).
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The formula for the field intensity P (millivolts per meter) at a
distance d (miles) from an antenna in which the current is /0 (amperes)
may be written

37.28 leheIoAi
F = (1)

d

where k = 2r/X, A1 is the attenuation factor, he is the effective height,
and X is the wave length. he and X are to be measured in the same units
and he and /0 are referred to the same point on the antenna, which is
the point at which the current is measured. The effective height of an
antenna is determined by its physical dimensions, the current distri-
bution, the ground constants, and the direction (in both the horizontal,
and vertical planes) in which the transmission (or reception) takes
place.

When the effect of the finite conductivity of the ground may be
neglected, the effective height of a grounded vertical antenna of height
h may be expressed by

cos h

=heI cos (ka sin ifr)da
Jo o

(2)

where G is the angle above the horizon with which the waves leave the
antenna and I is the current at any height 2 a. More general formulas
for the effective height will be given in Part II which include the effect
of the finite conductivity of the ground. At the same time formulas
will be derived for the attenuation factor.

2. THE GROUND -WAVE RADIATION FROM SHORT GROUNDED
VERTICAL ANTENNAS OVER A PLANE EARTH

In case the antenna has a height much less than a wave length, the
effective height for ground-wave radiation is equal to half the physical
height with no top loading or equal to the physical height in case the
antenna has sufficient top loading so that the current is uniform
throughout the vertical portion of the antenna. In this latter case the
following formula may be used for the attenuation factor for the ground -
wave field intensity at the surface of the earth which is assumed to be
flat :

2 For a discussion of (2) as applied to broadcast antennas see G. H. Brown,
PRoc. I.R.E., vol. 24, pp. 48-91; January, (1936) (In Brown's notation he= Kf
(0)/k.) For a theoretical and experimental proof that the effective height for re-
ceiving is equal to the effective height for transmitting see R. M. Wilmotte,
Phil. Mag., vol. 4, (1927) or Collected Researches of the National Physical La-
boratory, vol. 22, pp. 21-32, (1930).
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The formula for the field intensity F (millivolts per meter) at a
distance d (miles) from an antenna in which the current is /0 (amperes)
may be written

r= 37 . 28 khjoili

d
(1)

where k = 2r/X, A1 is the attenuation factor, h, is the effective height,
and X is the wave length. h, and X are to be measured in the same units
and h, and /0 are referred to the same point on the antenna, which is
the point at which the current is measured. The effective height of an
antenna is determined by its physical dimensions, the current distri-
bution, the ground constants, and the direction (in both the horizontal,
and vertical planes) in which the transmission (or reception) takes
place.

When the effect of the finite conductivity of the ground may be
neglected, the effective height of a grounded vertical antenna of height
Ii may be expressed by

cos IP h

ha I cos (ka sin i)da
Io 0

(2)

where G is the angle above the horizon with which the waves leave the
antenna and I is the current at any height 2 a. More general formulas
for the effective height will be given in Part II which include the effect
of the finite conductivity of the ground. At the same time formulas
will be derived for the attenuation factor.

2. THE GROUND -WAVE RADIATION FROM SHORT GROUNDED
VERTICAL ANTENNAS OVER A PLANE EARTH

In case the antenna has a height much less than a wave length, the
effective height for ground-wave radiation is equal to half the physical
height with no top loading or equal to the physical height in case the
antenna has sufficient top loading so that the current is uniform
throughout the vertical portion of the antenna. In this latter case the
following formula may be used for the attenuation factor for the ground -
wave field intensity at the surface of the earth which is assumed to be
flat:

2 For a discussion of (2) as applied to broadcast antennas see G. H. Brown,
PROC. I.R.E., vol. 24, pp. 48-91; January, (1936) (In Brown's notation he= Kf
(0)/k.) For a theoretical and experimental proof that the effective height for re-
ceiving is equal to the effective height for transmitting see R. M. Wilmotte,
Phil. Mag., vol. 4, (1927) or Collected Researches of the National Physical La-
boratory, vol. 22, pp. 21-32, (1930).
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Al = 1 1 + i.-/Trill e-n' elle (- i-/M) 1 (3)

where,
pi = Pc' (4)

7r I 7r

7) = cos b = sin b (5)
a: \ E + 1 X

tan b = (e + 1)/x (6)

a: = 1 . 8  10"(7,.

2
. 2 ,/i7-;

o/c ( - i-Vpi) = e-r2dx = i ex2dx. (8)_
-\/7r -is,'-, "V +foci

The derivation of (3) is given in the Appendix indicating the ap-
proximations made and the assumptions necessary to obtain a solution
in terms of only two parameters, p and b. In (5) r/X denotes the distance
from the transmitting antenna measured in wave lengths. e is the dielec-
tric constant of the ground referred to air as unity, c is the conductivity
of the ground measured in electromagnetic units, and f is the frequency
in kilocycles per second.

Equation (3) is given in Table I and graphically in Fig. 1 in terms
of the two parameters p and b. The parameter p is called the "numerical
distance." Fig. 2 shows the parameters x and b as a function of fre-
quency, conductivity, and dielectric constant. x is determined by the
frequency -conductivity intersections and having determined x, b is
determined by the e, x intersections.

Van der Pe has given an empirical formula which is a fair approxi-
mation to (3) when b <5 degrees:

where,

Ale -("2 2 + p 0.6p2

2 + 0.3p

b < 5 degrees

and the author' gave a correction factor to (9) (determined empirically
from (3)) which extends its range of application to all values of b:

Al -r-2 A10 - sin bVp/2e--5/8r. (10)

Two other empirical formulas which are useful in some applications

(9)

are
A10 e-043p+0.01p2

3 Jahr. der Draht. Tel. and Tel., vol. 37, pp. 152-156, (1931).
4 Nature, vol. 135, p. 954; June 8, (1935).
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Ai = I 1 + c-P, crfc (-

Pi = PC ib

r r it r
- - COS b =
a; X

sin b

tan b = (6 + 1)/a:
= 1 .8  10"0-e.,,,../fk,.

2
clic (- = f x2dx - r..2(12 .
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(3)

(4)

(0)

(6)

(7)

(8)

The derivation of (3) is given in the Appendix indicating the ap-
proximations made and the assumptions necessary to obtain a solution
in terms of only two parameters, p and b. In (5) r/X denotes the distance
from the transmitting antenna measured in wave lengths. e is the dielec-
tric constant of the ground referred to air as unity, cr is the conductivity
of the ground measured in electromagnetic units, and f is the frequency
in kilocycles per second.

Equation (3) is given in Table I and graphically in Fig. 1 in terms
of the two parameters p and b. The parameter p is called the "numerical
distance." Fig. 2 shows the parameters x and b as a function of fre-
quency, conductivity, and dielectric constant. x is determined by the
frequency -conductivity intersections and having determined 2, b is
determined by the E, x intersections.

Van der Po13 has given an empirical formula which is a. fair approxi-
mation to (3) when b <5 degrees:

Alo
2 + + 0 . 67)2

2 + 0.3p

where,

(9)

b < 5 degrees

and the author' gave a correction factor to (9) (determined empirically
from (3)) which extends its range of application to all values of b:

r=1.-' Alo - sin b-Vp/2e-5/sp.

are

(10)

Two other empirical formulas which are useful in some applications

A10 IV e-0.43p+0.01p2

3 .Lahr. der Draht. Tel. and Tel., vol. 37, pp. 152-156, (1931).
4 Nature, vol. 135, p. 954; June 8, (1935).
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where,

b < 5 degrees and p < 4.5
1

A10

where,

2p - 3.7
(12)

b < 5 degrees and p > 4.5.

The exponential character of the attenuation at short "numerical
distances" as exhibited by (11) is made use of in determining the un-

0 9

02

37

Q6

as

aJ

ti

02

NN,

NNN

W

7

2

NUM! RICAL DISIANC

Fig. 3-Ground-wave attenuation factor as a function
of the parameters p and b.

absorbed field intensity at a unit distance by plotting field intensity
times distance on a logarithmic scale versus distance on a linear scale.
The unabsorbed field intensity at unit distance is the zero distance
ordinate determined by extrapolating the data linearly to zero dis-
tance. However, unless b is very nearly equal to zero this exponential
relation will not hold as is illustrated in Fig. 3 which gives (3) on semi -

logarithmic graph paper.
The first term in the asymptotic expansion of

1
i'V7rne-r erfc (- 'Wm) = - 1 (13)

2pi
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and when this is substituted in (3) we obtain

Al =

where,

1

2231

1

2p
(14)

p > 20.

Equation (14) is valid for any value of b, being valid for shorter numeri-
cal distances (see Fig. 1) when b is large. At the intermediate frequen-
cies, i.e., from 1500 to 5000 kilocycles, C. N. Anderson& has published
ground -wave attenuation measurements for transmission over land which

1.0

as

02
LJ 0.1

Z 005

3- Q02
0.01

3
1.0

QS

< Q2
-J
t+-10.1
CC

0.05

002

0.010

X = 7.3 M

X = 11.0 M

2 2' 8 8 8

-\
X = 8.0 M

X= 13.0M

§ 9 2
0 0 00

n.t

0 0 Q
)1 8 (8i

DISTANCE IN METERS

X = 9.0 M

X=16.0M

0 0 0 0- Cu 0 8 8 8 O
8

Fig. 4-Experimental and theoretical ground -wave attenuation data at high
frequencies. (The theoretical curves are dotted.)

clearly indicated the importance of (14). At still higher frequencies C.B.
Feldman6 has reported some very carefully conducted experiments
which determined the attenuation over level land. These data are
given in Fig. 15 of his paper and are reproduced as Fig. 4 of the present
paper together with the theoretical graphs (dotted) for a dielectric
constant of 20 and conductivity 2 X 10-13 electromagnetic units. These
are the values of the ground constants obtained by Feldman using an
independent method of determination. The agreement is qualitatively
very good and would be still better if the measured values were shifted
downward which is evidently the correct procedure in this case since
the measured attenuation factor at a distance of ten meters was ar-
bitrarily set equal to one for all frequencies. The finite heights of the

6 PROC. I.R.E., vol. 21, p. 1447; October, (1933).
6 PROC. I.R.E.; vol. 21, pp. 765-801; June, (1933).
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transmitting and receiving antennas may cause the remaining dis-
crepancy between theory and experiment at near distances. This will

be discussed in Part II.

3. THE EFFECT OF THE CURVATURE OF THE EARTH

ON GROUND -WAVE ATTENUATION

The Watson diffraction formula? for the attenuation around a per-
fectly conducting spherical earth may be expressed by

where,

A. = Am z112E ane-1/207.-1)

Am = 0.7944
z = 1 . 808  10-3f,1/3 d

(15)

(16a)

and the constants a and bn are given in Table II. A2 is given as a
function of z in Table III.

TABLE II
(THESE CONSTANTS ARE TAKEN FROM C. R. Bunnowss)

n an bn

1

2
3
4
5
6

0.3135
0.2110
0.1653
0.1382
0.1199

1

3.189
4.734
6.037
7.234
8.324

Burrows has shown that to include the effect of refraction in the
lower atmosphere it is only necessary to use a radius of the earth equal

to 4/3 the actual radius which has the effect of reducing z by the factor

(3/4)2/3 so that (16a) becomes

z = 1.492 - 10-3f,'/3 -d. (16b)

TABLE HI
THE DIFFRACTION ATTENUATION FACTOR

2 A2 2 42

0 1 10 2.79  10-2

0.75 0.97 11 1.77  10-2

1 0.924 12 1.12  10-2

1.5 0.816 13 7.10  10-2

2 0.710 14 4.47. 10-3

2.5 0.606 15 2.80  10-3

3 0.512 16 1.76.10-3

3.5 0.429 17 1.10  10-3

4 0.356 18 6.86  10-4

5 0.241 19 4.27  10-4

6 0.160 20 2.66  10-4

7 0.105 21 1.65  10-4

8 6.78 10-2 22 1.03 10-4

9 4.36  10-2

7 G. N. Watson, Proc. Roy. Soc. (London), A, vol. 95, pp. 83-99; (1918).
8 PROC. I.R.E., vol. 23, pp. 470-480; May, (1935).
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T. L. Eckersley9 has shown that the effect of the finite conductivity
of the earth may be included by increasing z by the factor K/23.9 so
that (16b) becomes

z = 1 . 492 10-3fi /3.d
23.9K

(16)

The factor K is the function of the ground constants given in Fig. 2
of Eckersley's paper. It is given in Table IV as a function of the
parameter 0:

= 1 . 72 102°0-e.m.u/fkc5/3. (17)

Eckersley's method does not determine the value of the constant factor
AM in (15) which is equal to 0.7944 for a perfectly conducting earth.

TABLE IV
PARAMETERS FOR THE WATSON-ECKERSLEY DIFFRACTION FORMULA (b =0; TO INCLUDE THE EFFECT OF

REFRACTION IN THE LOWER ATMOSPHERE, A RADIUS OF THE EARTH
4/3 THE ACTUAL RADIUS WAS USED)

# K Pm Pz A.3f

10-4 53.0 4.86 106 1.36 107 5.27 10-82  10-4 53.0 2.43 106 6.80 106 1.05 10-75  10-4 52.9 9.74 105 2.73 106 2.63 10-7
10-3 52.8 4.88 105 1.37 106 5.25 10-72  10-3 52.7 2.44 105 6.83 105 1.05 10-65  10-3 52.6 9.80 104 2.74 105 2.61 10-6
10-2 52.5 4.91 104 1.37 105 5.22 10-62  10-2 52.4 2.46 104 6.89 104 1.04 10-55  10-2 52.3 9.85 103 2.76 104 2.60 10-5
10-1 4.93 103 1.38 104 5.20 10-52  10-1 52.1 2.47 103 6.92 103 1.03 10-45  10-1 52.0 . 9.90 102 2.77 103 2.59 10-4

1 51.9 4.96 102 1.39 103 5.16 10-4
2 51.8 2.49 102 6.97 102 1.03 10-3
5 51.6 99.8 2.80 102 2.56 10-3

10 51.3 50.2 1.40 102 5.10 10-3
20 50.8 25.3 71.0 1.01 10-2
50 49.7 10.4 29.0 2.58 10-2
102 48.5 5.31 15.7 5.47 10-12  102 46.8 2.75 9.70 0.1195.102 43.2 1.19 4.20 0.377
103 39.3 6.56 10-1 9.50 10-1 0.642

2  103 34.8 3.70 10-1 2.85 10-1 0.7245  103 29.5 1.74 10-1 9.00 10-2 0.766
104 27.5 9.37 10-2 4.15 10-2 0.7792  104 26.3 4.90 10-2 2.04 10-2 0.787

5  104 25.4 2.03 10-2 8.12 10-3 0.794
105 25.0 1.03 10-2 4.12 10-3 0.7942  105 24.7 5.22 10-3 2.09 10-3 0.794

5  105 24.5 2.10 10-3 8.40 10-4 0.794
106 24.4 1.05 10-3 4.22 10-4 0.7942.106 24.3 5.30 10-4 2.12 10-4 0.7945.106 24.2 2.13 10-4 8.52 10-5 0.794
107 24.1 1.07 10-4 4.28 10-5 0.794

2  107 24.0 5.36 10-5 2.14 10-5 0.7945  107 23.9 2.15 10-5 8.62 10-6 0.794
108 23.9 1.08 10-5 4.32 10-6 0.794

However, the more complete solution of the problem as given by B.
Wwedenskyl° indicates that the diffraction formula gives values lying
below the Sommerfeld plane earth solution (equation (3)) at all dis-
tances but approaching this latter solution asymptotically at the

9 PROC. I.R.E., vol. 20, pp. 1555-1579; October, (1932).
10 Tech. Physics (U.S.S.R.), vol. 2, no. 6; pp. 624-639, (1935). (In English.)
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shorter distances. Wwedensky also obtained values of K that are ap-
proximately in agreement with those given by Eckersley. Thus Ecker-
sley's'l recent suggestion that his curves should be shifted vertically
until they are tangent or nearly tangent to the Sommerfeld curve has
been placed on a sound theoretical basis and this process may be
adopted for an approximate solution of the diffraction problem.

Let pm denote the value of the numerical distance corresponding to
z =1. Equations (16), (17), and (5) may be solved for p, when

pm = 2 . 577 404 cos WO. (18)

pm is given as a function of # for b =0 in Table IV. Let px denote the
10000
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Fig. 5-The parameter /3 as a function of the frequency and conductivity.

value of the numerical distance at which Al is equal to A2 both in
magnitude and slope. This value may be determined most easily by
plotting Al as a function of p on log -log graph paper and then laying
the plot of A2 as a function of z on top. For a given value of 0 the nu-

merical distance for z =1, i.e., p,,, is determined. This fixes the re-
lation between the abscissas on the two charts. Now the A.2 chart
is shifted vertically until the two curves are just tangent. 7)x is the
value of p at the point of tangency and the new value of A.A, may be de-

termined also by multiplying the ratio of the ordinates on the two cliarts

by 0.7944. The resulting values of A.Ai and p x are given in Table IV
as a function of 13 and fl is shown as a function of frequency and con-

ductivity in Fig. 5.
" Document, A.0., (1934), 11.R.S.I., Fifth Assembly.
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Fig. 6 gives equation (3) for b = 0 as a function of p together with
a set of diffraction curves for various values of j3. It is evident from this
figure that when >2000 diffraction around rather than absorption
in the earth is the controlling factor. Since 13 > 2000 over sea water for
frequencies less than 10,000 kilocycles it is of interest to compare the
empirical Austin -Cohen formula which applies to sea water transthis-
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Fig. 6-Ground-wave attenuation factor as a function
of the parameters p and 13.

500 1000

sion with the diffraction formula for this case. The Austin -Cohen for-
mula may be written

A, = e-Td. (19)

The parameter 7 has been determined" experimentally to be equal to

'Ye = 1.39fkel/2 10-4. (20)

Fig. 7 shows the attenuation factor for sea water (a = 5 .10-"e.m.u.)
and the frequencies 10, 100, 1000, and 10,000 kilocycles as given by
(15) with z defined by (16) and by the Austin -Cohen formula. It is
evident that the Watson-Eckersley-Burrows diffraction formula is in

12 C. N. Anderson, PROC. I.R.E., vol. 19, pp. 1150-1165; July, (1931).
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fair agreement with the empirical Austin -Cohen formula, especially
at the nearer distances. The tendency of the Austin-Cohen formula to
give larger values of field intensity at the low frequencies and great
distances is probably due to the fact that sky waves are important
in the daytime at these distances. This is illustrated by the data re-
ported by Anderson" for the case of sea water propagation. In the case
of overland transmission in the broadcast band, Norton, Kirby, and
Lester" reported that sky waves during the daytime began to be of
importance at the numerical distance px at which diffraction should
begin to influence the ground -wave intensity. Finally, in the ultra -
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Fig. 7-A comparison of the Austin -Cohen and the theoretical
ground -wave attenuation formulas for sea water,

high -frequency range, Burrows, Decino, and liuntm have reported
fading at the distance at which diffraction should be noticeable. Thus

it may be said in general that the diffraction problem is of more theoret-

ical than practical importance although there may be times or situa-
tions when the above analysis may be useful. In any case the equations

given represent the minimum fields to be expected and the values of Pr

represent the greatest numerical distances for which the Sommerfeld

theory for a plane earth may be expected to apply.
The T. L. Eckers]ey correction for the effect of the finite. conductiv-

e ity of the earth was derived on the assumption that b =0. At the ultra-
high frequencies b = 90 degrees and this assumption is not justified. In

this case Burrows, Decino, and Hunt" have given another diffraction
formula which is represented in Fig. 10 of their paper.

" iThtoe. 1.1t.E., vol. 23, pp. 1183-1200; October, (I035).

" Pitoo. 1.1t.E., vol. 23, pp. 1507-1535; December, (1035).



1378 Norton: Propagation of Radio Waves

4. GRAPHS ILLUSTRATING GROUND -WAVE PROPAGATION
FROM SHORT ANTENNAS

Equation (1) may be expressed in terms of radiated power Pr
(expressed in kilowatts) by substituting V1000 Pr/Rr for Jo (where
/?r is the radiation resistance in ohms) :

37 . 28k he10-V10VPrAiF - (21)
d V.TF,

For a short antenna (h <X) without top loading 14,=-11/2 and" R., = 10
(kh)2 and with a large amount of top loading he = h and 1?).= 40 (kh )2.
In either case when these values are substituted into (21) we obtain.

186 . 4 -VPrA

d
where,

F=

h << X

(22)

and Al is given by (3) which is to be supplemented by (15).
Using (22), (3), and (15), graphs have been- prepared showing the

variation of ground -wave field intensity with distance for one kilowatt
of radiated power, for the frequencies 150, 300, 550, 1000, 1500, 2000,
3000, and 5000 kilocycles. Fig. 8 is for a conductivity o=5
corresponding to sea water, Fig. 9 is for land of average conductivity

= 10-"e..... while Fig. 10 corresponds to poorly conducting land with
The ground wave is here considered to be that portion of

the wave received on the earth's surface which has not been propagated
by conducting portions of the upper atmosphere. At the greater dis-
tances, sky waves, much stronger than the ground waves here pre-
dicted, are observed both day and night.

("The Effects of the Transmitting Antenna Height and the Height
of the Receiving Point on the Effective Height and the Attenuation
Factor," together with formulas for ultra -high -frequency propagation,
will be considered in Part II of this paper which, it is expected, will be
published in a subsequent issue of the PROCEEDINGS.)

NOTE

Note added August 25, 1936: Some recent experimental results
obtained by C. R. Burrows and described in a letter to Nature, vol
138, August 15, (1936), substantiate the theoretical ground -wave for-
mulas and graphs given for the ultra -high frequencies (see equations
(41c) and (44), and the ninety -degree curves). These measurements

16 Stuart Ballantine, PROC. I.R.E., vol. 12, pp. 823-839; December, (1924).
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were made on a frequency of 150,000 kilocycles over fresh water so
that e>>:r. Iii his last sentence Mr. Burrows states: "It seems evident
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Fig. 3-Ground-wave field intensity vs. distance for sea water.

that a revision of the Sommerfeld-Rolf curves is required for propaga-

tion over all types of ground for which the dielectric constant cannot
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be neglected." Revised data of this kind are given in Fig. 1 and
Table I of this paper and should be adequate in all cases such that.
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the heights of the transmitting and receiving antennas are a small frac-

tion of a wave length above the surface of the earth.
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APPENDIX

THE ATTENUATION FACTOR FOR THE GROUND -WAVE
RADIATION FROM SHORT ANTENNAS

From.the paper by B. van der Pol and K. F. Niessen,16 we obtain
the following exact expression for the ground-wave potential function
of a vertical infinitesimal doublet:

e ikr

II(r, 0) =
1

1 y2ep,-pa
-VT; ew2dw

(23)r 1 _ y4 yoe-pi
P: (w2 + 0)112

y = (e (24)

r27ri [1 (1 + y2)-1/2] peib (25)

p2 = - (1 + Y2)-1/2] --xr (26)

0 = 4741
7'+ y2)-1/2 (27)
X

The vertical electric field intensity may be determined most easily
from (23) above by the use of (11) in W. H. Wise's paper:17

F = F [II / (1 ± y2)
1 ( i 1 eikri

(28)±
1 - y2 \kr (kr)2 r

and from the above equation we have for the attenuation factor:

= (1 d -y2)-1(1 -0)--1
'77 ew 2

1[A -y2er2-Pi-y0e-Pi
(w2 4_ 0)1 /2

i 1(1-y2)-1 (29)
(kr)21kr

Since the quantity in the square brackets of (29) is the only part
which is difficult to evaluate, it will be considered alone and will be
denoted by B. There are two cases to be considered in the evaluation
of B.

Case I I p21 < I 0 I and 1 pi I< I 0 I

In this case the integrand in the integral in B may be expanded
about the point w =0 and integrated by parts term by term giving

16 Ann. der Phys., 5 Folge, Band 6, Heft 3, pp. 273-294, (1930), equations
(21) and (23a).

17 PROC. I.R.E., vol. 19, pp. 1684-1689; September. (1931).
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"B= - - 1/0112e- r 1 I

1

10

1383

f 3  5 7 (21/ - 1) .2 1

+
ii !0"]

you.,

L 01)
(30)

2 Y7,

y0112 pi 1 + 2p1/0 + -I- ____[.1
4 ON/pi

-I
20 (1 + pi/0)3/2J

_ my 121YO1 /2
(1

.... \ . 1 .2 0

_ _,,r , I + 2,/0 ,,,, _
40,/p2L 20 (1 + p.,,,A3/2

In the numerical calculation from (30), since p2 always has a large
negative real part, and is always greater than 10 for r> X, most of the
terms will be negligibly small and we may replace \ / .7)2 by .1 co and ob-

tain finally
y2 2  p

B = 1 2 vipic-P1p,

rr

C'' (Lis,

y20 11^

P 1 ) 0 )
where,

> X.

Case II I
p2I >I 01 and 'pit <I 01.

In this case the integral in B may be separated into two parts thus,

(31)

B = 1 - - y0e-r1
0

+ yee-ri

etr2div

(w2 + 0)112

eir'd

(w2 4._ 0)1/2

(32)

The first integral may be expanded as before and after the same changes

are made as in Case I we obtain

B = 1 + yee-P1 2 -Vpie-P 1 etr-dw
(w2 + 0)1/2 ( 4pi 0

y20\112F

4pi)

(33)
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where,
r > X.

Now since 0>>w2 for small values of .w and (along the imaginary
axis) ew2<<1 for large values of w, the first integral is evidently ap-
proximately equal to

0-112 ew 2dw

0

(34)

Substituting the above in (33) we have (31) as before. All physical
applications are contained in these two cases.

It has been found in practice that e is always greater than five so
that I y41 <0.04 for any frequency or conductivity and we have

( y201 /2 y2 5

(35)

(36)

4p1) 8

y\ 112

{1

y4+
128

2Pl/ 6)-1121 = y8 64- (1 +c-)4pi

Now dropping terms of the
y2

order y4 or greater, (31) becomes

B = (1 ± -8)[1 - f ew2dw] (37)

r > X, Iy4I <<1.
Since the second term in (29) is negligible when r >X, (28) for the

field intensity may be written

F = F
,./7-7; eikr2

A1 + y2)-1(1 + (1 - f ew2dw
8 (.0

(38)

where,

where,
r > X; I y4I << 1.

Since y2 does not vary with distance and is always very small, the
constant terms (1+y2)-1 (1+y2/8) may be neglected for most practical
purposes so that

where,

IFI= -

A =

v
1 - ew2dw

13

 > X; I y4 I << 1

1 - f ew2dw

(39)

(40)
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where,

r > X; I y41 << 1.

Equation (40) is exactly the formula given by Sommerfeld in his
1926 paperm but is free from the error in sign which occurs in his 1909
paper.' This error was discussed by the author in a recent article.'
However, Sommerfeld's formula was restricted to the case I y2I <<1

while (40) is only restricted to the case I y4 I <<1 which permits its use
for all physical applications even at the ultra-high frequencies. This
restriction was removed by the use of a slightly different definition of
the numerical distance.

With the same restriction I y41 <<1 we have from (25)

7r r 7F r
p = - - cos b = sin b (41a)

x X E + 1 X

e + 1
tan b = (42)

x

For low frequencies or good conductivities, when x>> 6+1, b -= 0,

cos b =1 and we have by (41a) the usual definition of the "numerical
distance" indicating that the propagation is independent of the di-

constant of the case (40) may be written

A= 1 - 2-Vpe-P i-V7rPe-P
0

where,

x >> E 1

7r rp = .

X X

The integral in (43) has been tabulated by H. G. Dawson."
For high frequencies or poor conductivities when x<<.-1-1, b = 90

degrees, sin b =1 and we have by (41a)

(43)

ir r
P= E -I- 1 X

where,

TB Ann. der Phys., vol. 81,.p. 1135, (1926).
10 Proc. London Math. Soc., vol. 29, pp. 519-522, (1897-1898).

(41b)

(41c)
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In this case (40) may be written

A = 11 - 04e-iv {1 - c(p) - s(p) - i[s(P) - c(p) _I)
I

where,

x << 6 + 1

P 71-x2
c(p) = f0 cos (

2
)dx

P 7rx2
S(P) = sin dx

o 2

(4d)

where c(p) and s(p) are Fresnel's integrals which are tabulated by
Watson.2°

For intermediate frequencies (40) was evaluated in terms of the
error function of a complex variable.

A = 11 + erfc (- i-Vpi) I . (45)

A short table of the error function for various complex values of the
argument was furnished to the author by Ronald M. Foster of the
American Telephone and Telegraph Company. A few additional points
were computed by means of the series expansions of (40) :

A = I u ± iv I (46)

where,

(2p)2 (2p)3
u = 1 - 2p cos b cos 2b cos 3b + 

1  3 1 3  5

, orpe-p cos b sin (p sin b- 21)

(2p)2
v = - 2p sin b sin 2b - (47)

1 3

 -Vrpe-P cos b cos (p sin b -
2

The above equations are useful for short numerical distances (i.e.,
p <1) while the following asymptotic expansions may be used for large
numerical distances:

20 G. N. Watson, "Bessel Functions," Cambridge, (1922), pp. 744-745.
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u= cos b 1.3 cos 2b 1.3.5 cos 3b

2p (2p) 2 (2p) 3

sin b 1.3 sin 2b
v -

2p (2p) 2

It should be emphasized that all of the above formulas refer to the
field intensity at the surface of the earth and are based on the wave
function for a short antenna. For antennas whose height is an appreci-
able fraction of a wave length long, the above theory breaks down at
the nearer distances.

(48)
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MODIFIED SOMMERFELD'S INTEGRAL AND
ITS APPLICATIONS*

BY
S. A. SCHELKUNOFF

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

Summary-The purpose of this paper is to obtain a certain integral express-
ing the fundamental wave function and with the aid of this integral to calculate the
radiation resistances of small doublets and small loops placed inside an infinite
hollow cylinder. Some applications of this integral to calculation of radiation from
parallel wires in free space are also discussed.

N 1909 Sommerfeldl applied the following integral
e-ipr

e± z./E2f12 Jo (0)) z 0, r2 p2 z2,r 0
02

to the problem of propagation of electric waves over an imperfect
earth. The value of such a representation of the wave function corre-
sponding to a simple point source in dealing with plane boundaries
is well known.

This representation is not suitable for satisfying the boundary con-
ditions in the case of cylindrical boundaries but there exists an analo-
gous expression convenient for handling the problems involving such
boundaries. Among the practical problems in the solution of which
the modified Sommerfeld's integral proves its value are: (1) radiation
of electromagnetic waves in a hollow cylindrical conductor, (2) radia-
tion of waves from a source situated inside a medium consisting of
coaxial cylindrical homogeneous layers of different substances, and
(3) radiation from parallel wires in free space when the current distribu-
tion in such wires is known. In this paper we restrict ourselves to the
first and the last problems only. The second problem admits of an easy
formal solution; this solution is so complex, however, that its analysis
and interpretation constitute a problem in their own right.

The following expression is the one to which we have referred as the
modified Sommerfeld's integral

e-ifir 2= - Ico(p-VE2 - 02) cos z (17,
71" (c)

where,

Vp2 ± Z2

(1)

(2)

* Decimal classification: 8111.2 Original manuscript received by the Insti-
tute June 4, 1936.

1 Ann. der Phys., vol. 28, p. 683; March, (1909).
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and the contour (C) is the positive real axis indented upward at 4: =(3
(Fig. 1). The function Ko is the modified Bessel function of the second
kind.' We choose 0 IC. ph (4:2-#2) :5.7r. The integral is convergent for all
values of p different from zero.

E -PLANE

0

Fig. 1. -The contour of integration with an infinitely
small semicircular indentation at ;=i3.

It is evident that both sides of (1) represent wave functions so that
it will be sufficient to prove their identity for z = 0. Thus let us cal-

culate
o

A - in -----
,C)

Ko(p\/,..2 - (32)(1E (3)

To the left of E =# the integrand is Ko(jp\i/32- V). Since

we have3

KO(.7P'032 512) = -9/102 (PYI32 512) =

- - (P Vi32 Jo(P Vi32 E2)
J

A =

f/3

1\7069"\432 + f Ko(PN/2 - $2)(15
0

7i

B Jo(PN/132 - .2)(4 ffi0

(4)

(5)

The integrals in question are convergent and the contribution of the

semicircle at = # vanishes with the radius of the indentation.

= The relation (1) can be obtained from No. 868 of Fourier Integrals for
Practical Applications by G. A. Campbell and R. M. Foster or from equation
(2) on page 416 of The Theory of Bessel Functions by G. N. Watson, The prac-
tical value of (1) in certain problems is so great, however, that a brief proof of

it is here included.
3 The Bessel function of the second kind is designated after Jahnke and

Emde by Arn(x).
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A simple change of variables =13 cos V/, expansion of the integrand
into a power series and integration, will lead at once to B = sin /3p/p.

The calculation of A is somewhat more complicated. Making use
of the following expressions

2 cos t dt cos I dtNo(x) - dl, Ko(x) = (6).02 x2 ,V/2 + x2

and introducing new variables

t = R cos IP, = R sin IP , (7)

we obtain

2 Cu' cos (R cos IP) 1 R.10(R)A =-J J dR dlfr - dR,
p 0 - /32p2 ,V1j2 32p2

1

= -f o(Vu2 Mp2)du =
cos p

P

(8)

The final step may be proved by employing the addition theorem for
Bessel functions, integrating and identifying the resulting series. Hav-
ing obtained the fundamental identity (1) we proceed to its applica-
tions. 

RADIATION INSIDE A PERFECTLY CONDUCTING CYLINDER

In this section we shall be concerned with radiation from electric
and magnetic current elements, situated inside a perfectly conducting
cylindrical surface of radius a. In what follows we shall assume that
these elements are parallel to the axis of the cylinder. A magnetic
current element is, of course, equivalent to an electric current loop.

First let us consider an electric current element of moment Il,
at a distance b from the axis, I being the current and 1 the length of
the element. The vector potential of this current element is

A, = 1-1 =
Ile'''
4rr'

= Ao = 0, (9)

where r' is the distance AP between the element and P. The phase con-
stant # is equal to 27r divided by the wave length A. The longitudinal
component of the electric intensity is

1E +6211) (10)
3.we a z2

where e is the dielectric constant.
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From (1), with the aid of the addition theorem for modified Bessel
functions, we have4

//
fir = E , cos nc5 f 02)Kn(p,\A2 "2\) cos z d, (11)

27r2 n=o (c)

provided p is greater than b. From this we find

//
E = En cos iul)

272iW n=-0

f 2)1-71(b1/E2 (32)Kn(p,\A2 "2\p ) cos
(C)

(12)

The reflected field must be free from singularities for p <a. Hence
the general form for the reflected longitudinal electric intensity is

Ez' = E eh cos nq5f P()In(P-Ve - (32) cos tz d (13)
(C)

where P(i) is an unknown function. At the surface p= a the total longi-
tudinal component of E must vanish; therefore,

/1
J.'=' = E en cos n(

272jcoe

2_ 132)/7L(b,vE2 _ 02)K- (avv _ 02)I _ 02 (14))

cos Ez
(c) I (a-VE2 - )32)

The mutual impedance between the cylinder and the current ele-
ment is the electromotive force which must be applied to the element
in order to counteract the reaction of the cylinder, divided by the cur-
rent /; this mutual impedance ZAr is

1E,' (b, 0, 0) (15)
Z = ohms.

From (14) we obtain the following expression for the mutual impedance

12
inzoyEz 02)K(avEz gz)

71 AI =
I 02 2) A. (16)

27r2jcee (c)
in(ave

The real part of ZAr is the mutual radiation resistance of the current
element and the cylinder.

4 The Neumann number E =2 for any n different from zero; co =1. By means
of the addition theorem we obtain expressions that make it easy for us to satisfy
the boundary conditions at p = a.
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In order to interpret Zif Ave shall separate its real and imaginary
parts. The integrand is evidently real on the right of E =13. On the left
of this point we have

In(b-VE2 - 02) = 17:(jb-V02 - 2) = inJ.(b-V02 - E2),
Rn(a,vv _ 02) = Knua,032 - 2)

7r

=
2

i)n n (a V 132 - 2) n(a 02 - VA

Fig. 2-The cross section of a perfectly conducting cylindrical
surface. The z-axis is toward the reader.

(17)

Introducing these expressions into (16) and remembering that the
contribution of an infinitely small indentation at =13 is nil, we obtain

Z m =
12 .1,220-V02 - E2)Nn(a-V02 - E2)

dEa2 02)f'47rjw ,o o Jn(ct-0-12 2)

12 E
-own20/32 -47rwe o

(18)

12 - r- in2(bv/2 - 02)KnovE2 - 32)
E En (02 2) dE .

27r2jc00 n-0 ft
tn(a.v - 139

Since the integrand of the first term may have poles on the real axis,
the contour of integration must be indented at these points. On account
of our previous agreement concerning the phase of E22-i32, these inden-
tations must be upward; we may assume them to be infinitely small
semicircles.
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The second term can be evaluated at once; thus
ra 2

0(52 0_

132),1.20,032
J - f32)dt, = - (19)

Consequently, the middle term is equal to - (2/3)7rn (1/X)2 where

n = 0.1/6 is the intrinsic impedance of the medium in ohms. This term
is exactly the negative of the radiation resistance of the current element
in the absence of the cylindrical envelope. Thus the total impedance
of the current element will consist of the first and the last terms of Zm
and of the self -reactance of the element. The last term in (18) is always
a pure imaginary. The first term is also a pure imaginary so long as the
frequency is such that 13a is less than the smallest root of Jo(x) =0.
Thus the law of radiation inside a perfectly conducting cylinder is quite
different from that in an unlimited medium. There is no radiation
whatsoever for frequencies below a certain critical frequency L deter-
mined by the equation

27rfca
= = 2-40 (20)

in which c is the velocity of light appropriate to the medium. This fre-
quency and the corresponding wave length are

2 . 40c 27ra
(21)

27ra. 2.40 

But when the frequency is high enough to make f3a exceed the small-

est zero of Jo(x), a real term will be contributed by the first integral
in Zm. It comes from the integration around the semicircular indenta-
tion over the pole of the integrand. As the frequency increases, more
and more poles of the integrand fall within the range (0, 13a), each
contributing a real term. The reactive part is simply Cauchy's prin-
cipal value of the integral.

For actual calculation of the radiation resistance it is convenient
to introduce a new variable t= a.\/(32- e into the first term of Z m;
thus we obtain

b
13J 722(- t)Arn(t)

fla a
Z i tr ' - En dt. (22)

47riwEa3 .-0 J 0 1/o2a2 - tun(t)

Let lc,, be the mth zero of Jn(x) and let lc,,<fla. The contribution
Rnn to the real part of Zm coming from the integration over the pole

E= k,./a is evidently
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R.,. =
Enkn,m3Jn2 (- .Arn (k)12

a

4ccea3J.'(kn,m) V(aW) 2 - kn m2

The frequency defined by the equation

wn,ma

C

ohms . (23)

ck. ,74 27r a
,m ,m= 1 Xn,m = 1 (24)

a

is one of the critical frequencies at which a resonance will occur. Desig-
nating by v,, the ratio of this critical frequency and the applied
frequency and utilizing the identity

2
11%.(k.,.) = (25)

we can transform (23) into

b

)R,, =
271- J n'(k,,) -

2

( 2 v ,2171

a ) -Vl - vn,m2
ohms. (26)

The total radiation resistance of the electric current element is the
sum of all Rn,m for which k,,, is less than ,3a.

The radiation from a magnetic current element can be investigated
along parallel lines. Here we start with an electric vector potential

Kle-or' jw/ISIe-ffir'
F2 =11= Fp = F = 0 , (27)

4irr'

in which Kl is the moment of the element, K being the magnetic current
and 1 the length of the element. Such an element is equivalent to an
electric current loop of area S, carrying current I amperes, provided
Kl= jcopSI. The longitudinal component of the magnetomotive in-
tensity is then

III =
1 2 + MIT)

iCily aZ 2
(28)

At the boundary of the cylinder the normal component of the total
magnetomotive intensity must vanish. This is equivalent to saying
that a/ap (II -I-11'), where II' is the reflected vector potential, must
vanish there. In order to find the proper function 11' we express 11 in
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the form (11), postulate the proper form for II', and find the unknown
function in the integrand for II' so that the boundary condition is ful-
filled. In this way we find the longitudinal magnetomotive intensity of

the reflected field

Hz/(P) = 2 en cos n431
27r2

(29)

02) in(b-V2 COS

02)Kni (avE2 - 02)I n(p - 02)

(c) In' (as 132)

The electromotive force which must be applied to the loop in order
to counteract that induced by the electric currents flowing in the
cylinder is equal to jco,uS Hz' (b, 0, 0); this electromotive force divided
by the current in the loop is the mutual impedance Z m between the
loop and the cylinder. Hence we have

Z,11 =

4(0,82 E f (e2 #2) in2(b-vE2 - 02)/Cn/(a-VE2 - 02)(4. (30)
27r2 n.=0 (C) - P2)

The real part of this impedance is the mutual radiation resistance.
Transforming (30), we obtain

iwius2

Jr

./n2(b A/02 - 2)N71/(a,V132 V)

En 0 (2
02)

47r n-0
(a.v 02 - 2)

- 87r
n3

3 S2

X

(31)

E U2 132)
icon S2 co I 7,2 (1),V - (32)Kni(aAA2 - 132)

/7/(a - 02)27r2 ,o fl

The second term is equal and opposite to the radiation resistance
of the loop in the absence of the cylinder; the last term is always a pure

reactance; but the first term may contribute to the total radiation re-
sistance of the loop. The first term is reactive so long as the frequency

is such that Oa is less than the smallest root of ../7:(x)= 0 since in this

case there are no poles in the path of integration. The smallest root of

this set of equations occurs when n =1; this root is approximately equal

to 1.84. As in the preceding investigation we find that the total radia-

tion resistance of an electric current loop with its axis parallel to the

axis of the surrounding cylinder is equal to the sum of contributions

R., coming from the integration over those poles Ic,i/a, where

.1" n' (kn,m) = 0, which lie in the range (0, 0). These contributions are
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Rn -
kn,m2 - n2 Jn(k,m)

7,(-b ,m)-
En kn ond a

2

( S 2 (32)(1 - /in 2 ) -112 ohms.
a'

It is not easy to calculate from (31) the reactive part of the mutual
radiation impedance. Besides, the total reactance is materially affected
by the self -reactance of the element, depending upon the radius of the
element and the capacity of its terminal condensers. Fortunately it is
usual to tune the radiating circuits and calculation of the reactance is
of lesser importance than calculation of the radiation resistance.

The reactive part of the radiation impedance of a circuit is, of
course, nothing else but the correct value of the circuit's external react-
ance-the external as distinguished from the internal, the latter being
due to the flux interlinkages within the wire itself. In fact, the "radia-
tion impedance" is the name under which we know the correct value of
the external impedance of a circuit. When the circuit is small compared
with the wave length, the radiation impedance is substantially equal
to the reactance calculated with the aid of the well-known Neumann's
formula.

RADIATION FROM PARALLEL WIRES

Whenever the current distribution in a system of parallel wires is
given, it is a simple matter to calculate the field and the radiation resist-
ance with the aid of the fundaniental integral (1). It has been found
that the electric current in such wires is substantially sinusoidal so
that we shall restrict ourselves to this case.

To begin with we shall consider a wire of radius a and length 2/ and
assume that the generator is at the center of the wire. Thus the current
distribution will be symmetrical on both sides of the generator and in
the upper half of the wire we have,

/(z') = I sin X/ - z'), (33)

where z' is the distance from the generator.
Supposing that the current density is independent of 0 and utilizing

(12), we obtain after routine calculations the longitudinal electric in-
tensity

Ez =
2r2

L[2 cos pz cos Ez - cos (/ -
c) (34)

- cos z)]1- o(a-VV - (32)Ko(P-Ve - 02)A.

When the wire is infinitely thin, we let a = 0. Comparing the result-
ing expression with (1), we obtain
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Ez
27r r

e-itir 2

COS /3/
2r1 2r2

(35)

where r, r1, and r2 are respectively the distances of a typical point in
space from the center of the wire and from its ends.

Expression (35) can be generalized for a wire of finite radius. We
merely note that

32

(az2

and that

= -1 02 - 2)nico(pAA2 - 32) cos Ez d (36)
7r (C)

eo

/002vE2 -
(_).(02 _E , (37)

22'10202

Substituting (37) into (34) and making use of (36) we have

j11/ (-)na2n 32
cosE_-- E- 02) IV (38)

2r n=.0 227'02 D2 3z2 r 2r1 2r2

The distances r, ri, and 12 are counted from the center and the ends of

the axis of the wire.
In order to obtain an expression for the radiated power we need ,

only integrate the product of the electric intensity and the conjugate
of the current density over the surface of the wires. One half of the

real part of such an integral will represent the average radiated power.
The general equation for the radiated power can be conveniently ex-

pressed in the form
n

E E Wmk)
m,k

(39)

where Wmk is the power radiated by the kth wire by virtue of its inter-

action with the field produced by the mth wire.
If am and ak are the radii of two parallel wires and if sm,k is their

interaxial separation, then the mutual radiated power is

1
Wmk = (02 - 2)P(t)./,2(am-V/32 2)

47rwe
(4 0)

I (s.4v  32 - 2),/-13 (ak -032 - 2)(4.

The function P(a) depends on the current distribution along the wires;

thus6

5 The asterisk designates the conjugate complex of I.
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lm lk

P(s) = Re f
l;

/(z,)/*(zk) cos (z,, - zk)dzn, dzk, (41)

where the l's represent the co-ordinates of the ends of the axes of the
wires. Since the derivation of (40) is simple and straightforward we
shall omit it.

CONCLUSION

The integral (1) permits a formal solution for Green's function in
a medium comprised of homogeneous coaxial cylindrical layers. As it
stands it applies only to nondissipative media. The general formula,
applicable to dissipative media, is

e-" 2= -
J

Ko(p-Ve2 0-2) cos Ez A (42)
ir (C)

where 0- is the intrinsic propagation constant

a = -Vjco,u(g jcce),

g being the conductivity of the medium. The interpretation of the re-
sults becomes quite difficult, however.

>--egf>.-0-Cew--<
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The first issue of "HK Pay Dirt" gives technical data on a new type 154
gammatron tube and is available from Heintz and Kaufman of South San

 Francisco, Calif.

Hygrade Sylvania Corporation of Emporium, Pa., has issued Engineering
News Letter No. 26 on degeneration of audio amplifiers, No. 27 on output char-
acteristics of Type 1E7G, No. 28 on the correlation of tube types providing
"equivalent" services, and No. 29 on improving the performance of battery -
operated receivers. Technical data sheets have been issued on the 6B8 and
6B8G, duodiode high gain pentode; 6L6G, power amplifier; and 25B6g, power

amplifier pentode.

National Union Radio Corporation of 365 Ogden Street, Newark, N. J.,
has issued Engineering Bulletins on the 6D8G, self-excited electron -coupled
converter; 6L5G, medium -mu voltage amplifier; 6N5, tuning indicator, 6Q6G,
diode high -mu triode; and 6S7G, remote cutoff amplifier.
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the high gain single tube phase converter; No. 64 on inverse feed -back circuits

for audio -frequency amplifiers. Data sheets have been issued on the 1F4 power
amplifier pentode; 1F6, duplex diode pentode; 5W4, full -wave rectifier; and 6N7,

class B twin amplifier.

Leaflets have been issued by Shure Brothers of 215 W. Huron Street,
Chicago, Ill., on their four-way utility microphone.

A leaflet has been issued by The Triplett Electrical Instrument Company of
Bluffton, Ohio on their new master units which include a volt-ohm-milliammeter,

tube tester, free -point tester, and direct reading all -wave signal generator.

Variac transformers are described in a leaflet issued by the General Radio
Company of 30 State Street, Cambridge, Mass.
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Aircraft radio compass Model AVR-8, general purpose airport receiver
Model AVR-11, and an AVA-9 conversion kit for modifying an AVR-7 or AVR7-
A aircraft receiver are described in leaflets issued by the Aviation Radio Section
of the RCA Manufacturing Company of Camden, N. J.

The Type NC -100 superheterodyne for the frequency range of 540 kilo-
cycles to 30 megacycles is described in a leaflet issued by the National Company
of Malden, Mass.

- A booklet on Lamicoid electrical insulating materials has been issued by
the Mica Insulator Company of 200 Varick Street, New York, N. Y.

Information Bulletins No. 4 on high -frequency tubes and No. 5 on the
sterilamp have been issued by Westinghouse Lamp Company of Bloomfield,
N. J.

The Roller -Smith Company of 233 Broadway, New York, N. Y., has issued
Catalog No. 10 covering three types of voltage regulators. Air circuit breakers
are listed in Catalog 5. Catalog 123 covers a complete line of portable measuring
instruments and Catalog 830 covers recording instruments.

A complete line of servicing equipment is described in some leaflets issued
by the Supreme Instruments Corporation of Greenwood, Miss.

Dynamic microphones are covered in a leaflet issued by the Radio Receptor
Company of 106 Seventh Avenue, New York, N. Y.

The Webster Company of 3825 West Lake Street, Chicago, Ill., has issued
a catalog on systems and equipment.

_ A leaflet describes the BR2S sound cell microphone produced by the Brush
Development Company of 1899 E. 40 Street, Cleveland, Ohio.

"Western Electric Vacuum Tubes for use in Amateur Radio Telephone
Transmitting Equipment" is the name of a booklet issued by the Western Elec-
tric Company of 195 Broadway, New York, N. Y.

Insuline Corporation of America of 25 Park Place, New York, N. Y., has
issued Catalog No. 190 covering its line of radio equipment and parts.
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of household duties.
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repeated words reveal its value
-"I don't know what I'd do
without the telephone."

A telephone extension upstairs,
beside the bed, is a great
convenience at small cost.
Saves steps and time-
insures privacy.
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A Complete Installation with
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TRANSMISSION LINE
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WESTERN ELECTRIC ultra high fre-
qUency Police Radio Transmitter,
Station W2XEM, Newark. N. I.

I

National Newark and Essex Bonk Building. Showing location of licuisoutter and
antenna connected by ISOLANTITE COAXIAL TRANSMISSION LINE.

In the rapidly developing technique of radio communication engineers recognize
the coaxial transmission line as the most efficient means of conducting radio fre-
quency energy from point to point and from transmitter to antenna.
ISOLANTITE INC. has been crosely identified with this development and now
announces A COMPLETE COAXIAL TRANSMISSION LINE SYSTEM for ultra
high frequency and broadcasting stations.
Write for our complete bulletin on this product. ISOLANTITE INC., 233 Broadway.
N. Y. C. Factory at Belleville, N. I.

Sold only through Graybar Electric Company and Manufacturers of transmitting equipment
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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.
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(Address for mail)

(Date) (City and State)
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ARTICLE IV-ENTRANCE FEE AND DUES
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Education

Degree
(College) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient.

Receipt Acknowledged Elected Deferred

Grade Advised of Election This Record Filed
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A

c:77114120'1411C1-141

TYPE 502

'-f-IFICIAL EA

Ahigh -quality precision instrument for the measurement
of the electroacoustic efficiency and frequency response

characteristics of telephone receivers under reproducible

conditions simulating those of actual use. Adapted both

for research and production testing. Comprises artificial

ear coupler, special condenser microphone, equalizers, am-
plifier, calibration network, and special logarithmic output

meter calibrated directly in bars and decibels. Acoustical

pressure range 1-100,000 bars. With built-in a -c voltmeter
(30-15,000 cycles), range .001-100 volts. For battery
operation and 19" rack mounting.

SEND FOR BULLETIN I A

Ballantine Laboratories, Inc.

3oontort, hew oletiey

ELECTROACOUSTICAL INSTRUMENTS

When writing to advertisers mention. of the PROCEEDINGS will he mutually helpful.
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Change in Mailing Address
or Business Title

Members of the Institute should use this form to notify the Institute
office of a change in their mailing address or the listing of their com-
pany affiliation or title.

The Secretary
THE INSTITUTE OF RADIO ENGINEERS
330 West 42nd Street
New York City

New Affiliation or Title

Name
(Print or type)

Title

Company Name

Company Address

Home Address

Street
(Print or type)

City and State

Old Mailing Address

Street
(Print or type)

City and State

Please indicate whether you wish your mail to he sent to your home 
or business  address.

Signature

Date

When writing; to advertisers mention of the PnocimniNGS will be mutual!', helpful.
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Introducing the new

RCA UNI-DIRECTIONAL
MICROPHONE
-another RCA First!

The 77-A is adapted for pickup in audi-

toriums, theatres, etc., where audience

noise is a problem. Wide pickup angle

makes one microphone usually suffice.

AMICROPHONE that provides
uniform wide-angle pickup

from the front side-while almost
completely eliminating pickup
from the back!

The 77-A minimizes practically
all unwanted sounds. Wide-angle
pickup covers stage or studio where
broadcasters are located, thus doing
the work of two or three other mi-
crophones. Is ideal for small studio
use,where it picks up a much lower
percentage of reflected sound.

Frequency response is uniform
throughout whole audio range.
And the 77-A affords reproduction
as smooth and pleasant as that pro-
vided by the standard Velocity

Output Impedance... 250 ohms  Output Let el (lo bar input)... -69 db. Directional Ratio... 1 odo-r

Microphone. Extremely sensitive.
Can be used interchangeably, or
can be mixed with standard
Velocity -type.

Write us for complete descrip-
tive literature concerning this
wonderful new broadcasting crea-
tion. The 77-A -RCA's Uni-Direc-
tional Microphone-is the one the
experts demanded. Here it is!

77-A-Ingeni-
ous new type
High Fidelity
Microphone
picks up
sound com-
ing only from
one direction.

RCA MANUFACTURING COMPANY, INC., CAMDEN, N. J.

A service of the Radio Corporation of America

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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YOUR REPUTATION...
and that of your product hinges on small
things - condensers, for instance. Quality
condensers form a bulwark against loss of
reputation - and business.

For more than a quarter of a century, the
Cornell-Dubilier Corporation has gone hand
in hand with every advance in the radio
and electrical industries. Today, wherever
condensers are used, you will find C D's

dependably performing their allotted tasks.
Literally by millions, C -D units pour from
our two great plants, to manufacturers and
into thousands of modern applications, the
world over - truly, the world's most com-
plete line of Quality Condensers!

The Type 75A mica caps
citors, illustrated, were de-
signed for heavy duty scr
vice, such as is encountered
in commercial high fre-
quency bomborders.

CD capacitors for motors
and other A.G. applications
ore available in both the

(Dykanol), and dry
electrolytic construction.

Cornell-Dubilier electro-
lytic, mica and paper capa-
citors are utilized by the
leading receiver. trans-
ceiver and transmitter man-
ufact in the assembly
of their equipment.

CORNELL-DUBILIER CORP.
1012 HAMILTON BOULEVARD SO. PLAINFIELD, NEW JERSEY

When writing to advertisers mention of the PROCEEDINGS wi:1 be mutually helpful.
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THE ULTIMATE IN
SUPER -SENSITIVITY
1. * NO CURRENT DRAIN plus
2. ** SELF -CALIBRATION

VACUUM TUBE
VOLTMETER

MODEL 1250

 Means Accuracy cannot be affected by the current
drain of the instrument Itself. Permanent accuracy of
Triplett Vacuum Tube Voltmeter Is assured by the self
calibrating bridge circuit used.

Laboratories and engineers will use and im-
mediately appreciate the significance of this
remarkable instrument. Indispensable also in

the servicing field for measuring electrical im-

pulses either A.C. or D.C. of low magnitude
such as the carrier wave of signal circuits, and

particularly for television work.

The self -calibrating feature is automatic with

the tube bridge circuit developed by Triplett

engineers (Pat. Pending). The initial opera-
tion of adjusting the bridge at the zero level

THIS IS A TRIPLETT MASTER UNIT
-write for more information

1;11;
Fli)Ler

heezio'
ELECTRICAL INSTRUMENTS

NET
PRICE
$3334

 The most important advancement In circuit design
for precision electrical instruments In recent years.

insures enact calibration independent of tube

emission values or when replacing tubes.
Model 1250 is furnished with Triplett tilting
type twin instrument. One instrument indicates

when bridge is in balance. The other is a three

range voltmeter with scales reading in peak

A.C. and D.C. voltages. Ranges are 2.5, 10

and 50 Volts. Other ranges to order.

Model 1250 is complete with all necessary ac-
cessories including 1-84, I -6C6, 1-78. Case is

metal with black wrinkle finish, panels are sil-
ver and black. Dealer Price $33.34

The Triplett Electrical Instrument Co.
2110 Harmon Drive, Bluffton, Ohio
Without oblination please send me complete informa-
tion on TRIPLETT VACUUM TUBE VOLTMETER.

I am also Interested In

Name

St. Address

LCity
State

When writing to advertisers mention) of the PROCEEDINGS will be mutually helpful.
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AU% Condensers
EXTRA ruggedness, heavier housing,

maximum heat -resistant impregna-
tion, weather-proof sealing-such are the
qualities aimed at and attained in these
AEROVOX auto -radio condensers.

Perhaps you are directly interested in au-
to -radio practice, in which case these units
will appeal to you as the solution of the
noise -suppression problem. Or again, you
may be interested in other AEROVOX
units for the receiver proper, but likewise
designed to meet the severe conditions of
high temperature, extreme mechanical vi-
bration, and exposure to the weather.

But whether or not you are interested in
auto -radio practice, you may consider
these units as typical examples of what
AEROVOX is doing by way of developing
condensers to meet special and difficult
situations. Your problems, too, can be met
by AEROVOX engineering and produc-
tion.

for latest catalog covering the most extensiveWrite line of condensers and resistors. Meanwhile,
do not hesitate to submit your requirements for engineering
aid and quotations.

AEROVOX CORPORATION
71 WASHINGTON STREET, BROOKLYN, N. Y.

Sales Offices in All Principal Cities

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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ENGINEERING DIRECTORY

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. DUMONT
LABORATORIES

UPPER MONTCLAIR, N.J.

COIL APPLICATIONS
Our coil specialists will engineer and
design to your specific requirements
coils for original installation or re-
placement purposes. Write for cata-
log or send specifications for quota-
tions.

EDWIN I. GUTHMAN and
CO., INC.

400 S. Peoria St:
Chicago, III.

PRACTICAL RADIO
ENGINEERING

One year Residence Course
Advanced Home Study Course
Combined Home Study -Residence

Course
Write for details

Capitol Radio Engineering
Institute

Washington, D.C.

MICROPHONE
APPLICATIONS

Our engineering department will
operate, without obligation, in
selection of suitable microphones
standard or special applications.

SHURE BROTHERS

co -
the
for

"Microphone Headquarters"
225 WEST HURON ST. CHICAGO, U.S.A.

"Q"-Measurements
We specialize in equipment for
the radio frequency measurement
of "Q" (X/R) of coils, condens-
ers and other radio components.

Write for Circular

BOONTON RADIO CORPORATION
BOONTON, NEW JERSEY

For the Engineering Consultant
who can handle a little extra business this year.

For the Designer
who can manage some additional work

we suggest the Engineering Directory of the I.R.E. PROCEEDINGS.
Manufacturers who need services such as yours and organizations with

special 'problems come to our Engineering Directory for information.

Your name and special service announced here will put you in line for

their business. For further information and special rates for I.R.E.
members write to the Institute of Radio Engineers.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Alphabetical Index to Advertisements
A

Aerovox Corporation XXII
American Tel. & Tel. Company XIII

B
Ballantine Laboratories, Inc. XVII

C
Central Radio Laboratories XXVI
Cornell-Dubilier Corporation XX

E
Emp!oyment Page Cover III
Engineering Directory XXIII
Erie Resistor Corporation XXV

G
General Radio Company Cover IV

I
Institute of Radio Engineers XV, XVI, XVIII, XXIV
Isolantite, Inc. XIV

RCA Manufacturing Company, Inc.
R

XIX
T

Triplett Elec. Inst. Co. XXI

PROCEEDINGS BOUND
VOLUMES

VOLUME 23 (1935) of the Proceedings is now
available in bound form to members of the Insti-

tute. It may be obtained in Buckram or Morocco leather

for $9.50 and $12.00 respectively. Foreign postage is
$1.00 additional per volume.

Buckram bound copies of Volumes 18 and 19 (1930
and 1931) are also available for $9.50. Foreign postage
is $1.00 additional per volume.

When writing to advertisers mention of the PROCEEDINGS be mutually helpful.
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The resistance pins of Erie Insulated Resistors are solid molded from
the same time -proven carbon composition that has made non -insulated

Erie Resistors outstanding for their unsurpassed all-round operating
performance.

Enclose these pins in uniform, pre -formed, insulating ceramic cases

that are brightly color coded for instant identification . . . complete

the assembly by making strong, one-piece, solderless connections of the

tinned copper lead wires . . . and you have Erie Insulated Resistors.

That, briefly, is the story of these units. It's not hard to see their
inherent advantages. We're eager to have you find them out through
actual use. A letter to us will bring you a generous supply of samples.

ERIE RESISTOR CORPORATION
TORONTO, CAN. ERIE, PA. LONDON, ENG.

ERIE RESISTORS
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Volume control resistors
must be tapered by apply-
ing successive coatings of
conducting material since
the resistances required
are commonly too high to
permit adequate tapering
by varying the shape.

Radiohm resistors, because
they are long and straight
when outside the case,
may have all the coats de-
sired uniformly applied in
long strips.

Brackets illustrate the ap-
proximate position of suc-
cessive coatings for a
logarithmic taper.

Dotted lines illustrate the
individual resistors when
blanked out of the strips.

ANOTHER REASON

FOR

SUPERIORITY
The long straight Radiohm resistor coiled on
the inner circumference of the case uniformly
maintains better tapers than are possible with the
usual horseshoe types.

For original equipment or replacements specify
CENTRALAB CONTROLS.

CENTRALAB Division of Globe Union
Mfg. Co.

Milwaukee, Wis.

British Centralab, Ltd. Canterbury Rd.
Kilburn London N. W. 6, England

Centralab 68-70 Rue Amelot
Paris, France

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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EMPLOYMENT PAGE

GRADUATE RCA Institutes with five years practical ex-
perience in the operation and maintenance of speech ampli-
fying equipment desires position in broadcasting or com-
munication work or with manufacturer. Able to plan any type
of public address installation. Will consider position in sound
motion picture and recording field. No reasonable offer re-
fused. Box No. 163, care of The Institute of Radio Engineers.

RADIO ENGINEERS
In the rapidly growing field of radio transmission and recep-
tion, a large engineering and manufacturing company in

England is augmenting its staff. The following positions re-

quire to be filled :-

I. RADIO TRANSMITTING EXPERT, familiar with
present-day practice and design. The applicant must have lab-

oratory experience together with proved ability to give
practical manufacturing expression to his work.

2. RADIO RECEIVER ENGINEERS, with up-to-date

knowledge of radio application. First-class theoretical and
practical experience. A knowledge of modern ultra -short-

wave practice and cathode-ray technique would be advantage-

ous. Write stating age, past experience in detail, and salary
required. Box No. 164, care of The Institute of Radio En-
gineers.

ENGINEERING POSITIONS

Advertisements on this page are accepted from Institute mem-

bers who desire new positions and organizations which are
interested in employing Institute members. A nominal charge

of $2.00 is made for each insertion. Information on the
preparation of material and closing dates for its acceptance

will be mailed on request.



NeW Frequency Meter,
Monitor and Calibrator

300 kc to 300 Mc!
IN ONE instrument, a heterodyne frequency meter -monitor

and a crystal calibrator; direct reading from 300 kilocycles to
300 megacycles; no calibration charts, curves or plug-in coils!

The over-all accuracy of the new General Radio Type 620-A
Heterodyne Frequency Meter is sufficient for use as a monitor over
its entire range, except in the standard broadcast band.

A one megacycle low-temperature-ceefficient crystal oscillator is
incorporated in the meter so that the calibration may be checked
simply, rapidly and accurately. The over-all accuracy of measure-
ment is 0.01% or better.

A built-in power supply provides operation from a 105-125 volt
50-60 cycle line, or the instrument may be used with a 6 and 180 volt
dc source. Either type of supply is selected by a switch on the panel.

Type 620-A Heterodyne Frequency Meter, standard 19 -inch re-
lay rack model (weight 40 pounds) . . . $490.00; Portable model
with metal case, cover and carrying handle (weight 45 pounds) . . .

$555.00. Both supplied complete with tubes and necessary connect-
ing cables.

Write for Bulletin 56-R for Details

GENERAL RADIO COMPANY
30 STATE STREET, CAMBRIDGE, MASSACHUSETTS

GEORGE BANTA PUBLISHING COMPANY, MENASHA, WISCONSIN
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