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RETIRING ADDRESS OF STUART BALLANTINE®
Presipent, INSTITUTE OF RADIO IINGINBERS, 1935

As you know this is our Annual Mecting, which brings with it a
change of administration in the Institute and a new President. My
inaugural address lasted but thirty sceonds and 1 should be very un-
erateful indeed of the honor of being President of this socicty were 1
now to engage in a long valedictory harangue. In this conncetion I am
reminded of Bliss Perry’s reminiscence of a vencrable Oxford don who,
having reached a ripe old age without showing any signs of wishing to
retire from teaching, had it said of him that he had all the Christian
virtues exeept resignation. Now I shall try to avoid this criticism by
stepping down promplily. First, however, somewhat in the spirit in
whieh Thackeray liked to sit in the rear scat of the stagecoach facing
backwards in order to survey the road over which he had passed, 1
should like to look back over 1935 and give you a very brief account
of our stewardship of the affairs of the Institute during that period.

The apparent turn of the tide in the cconomic situation all over the
world seems to be reflected in the affairs of the Institute, and although
the changes are naturally only incipient, they nevertheless offer definite
encouragement. The most significant of these is the favorable trend in
our fiseal situation. Several years, 1932, 1933, and 1934 were lean ones
and the Institute was faced with a deficit. In view of this the Board at
the beginning of last year decided to make ‘a serious effort to balance
the budget by curtailing expenses in every possible way to conform
with the expected returns. Fortunately, as a result of this policy and
of the favorable upward trend, we now find at the end of the year that
the revenues have exceeded our hopes and that in place of the usual
deficit of several thousand dollars we are in the black by a small
margin. A substantial part of this accretion will immediately be put
into the Proceepings during the next four months, thus relieving some
of the congestion in the publication of important papers.

There have been other favorable indications, in membership statis-
tics, in the payment of dues, and in our activities on behalf of unem-
ployed engineers, for the details of which I shall refer you to the annual
report of the Seccretary soon to be published in the PROCEEDINGS.
A prodigious amount of work has been performed by our committees;

* Delivered before New York meeting of the Institute, January 8, 1936.
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some seventy meetings of twenty-five committees were held during‘
the year. These activities are of the greatest importance to the art and
since the work goes on quietly behind the scenes are not as widely
appreciated among the membership as they deserve to be. I would
like to record my thanks to all those who have faithfully served the
Institute by giving so unselfishly of their time and energy on these
committees without hope of recognition or applause.

In retiring from this rostrum I would like to express to you again
my deep appreciation of the honor of being President of this society
and my pleasure in seeing the gavel pass into the competent hands of
an esteemed friend.. '

And now, ladies and gentlemen, I have the honor of welcoming and
presenting to you your next President, Professor Alan Hazeltine.

INAUGURAL ADDRESS OF ALAN HAZELTINE*

PRESIDENT, INSTITUTE oF RADIO ENGINEERS, 1936

HERE IS a tendency among young engineers (to whom my re-
Tmarks are mainly addressed) to feel that the fundamentals of

their field are settled, that for them is left only the improvement
of details or, at most, the extension of the field in new directions.
This is an error which has often been pointed out, but which is often
repeated. It is an error into which I fell within the last year when, at
a meeting of the New York Program Committee, I remarked that
radio is not as interesting as it used to be. Then came Professor Arm-
strong’s paper on frequency modulation that jarred us out of our rut.
Instead of being settled, the accepted fundamentals of broadecasting
seem to be all wrong. Let me outline the train of thought into which
Professor Armstrong’s work led me.

The technical basis of present-day broadcasting consists in varying
the amplitude of a radio-frequency current linearly with respect to the
audio-frequency current which is ultimately to be reproduced. as
sound. This is certainly the simplest way of doing the trick, and every-
one (except Armstrong) seemed satisfied with it. But what does it
entail? In the first place, it makes the game of modulation like that of
tennis: the nearer you can come to the line of 100 per cent modulation
the better, but you must not be over the line. Perhaps it is more like
the friendly game of tennis as played in England, where it is considered
sporting to call your opponent’s ball “good”” when it is not z0o far over
the line, or too often. Obviously this sort of thing is interesting as a

* Delivered before New York meeting of the Institute, January 8, 1936.
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game, but it is not characteristic of serious engincering, where factors
of safety are the rule. Irequency modulation provides a way for re-
moving this absolute restriction to 100 per cent modulation.

But what other undesirable features are characteristic of present-
day broadeast technique, and are these removed by Armstrong’s sys-
tem? Noise, as always, is our greatest enemy. And noise, as we hear it
is mainly of rather high audio frequency. On the other hand, the
musical tones that give the greatest amplitude to the audio-frequency
currents are those of rather low frequency. Why do we not increase
the modulation at high audio frequencies and then design our re-
coivers to have less amplifieation at such {requencies, thus cutting
down the noise without impairing fidelity and without exceeding
modulation limitations at the transmitter? This expedient has been
called predistortion and restoring. The studies of Fletcher! indicate
that if the audio-frequency voltage at the transmitter is multiplied by
the frequency, the peak modulation from a musieal program may be
expected to be roughly the same at all frequencies above about 200
cycles. This would indicate that the condenser-resistance correction
system of Armstrong could better be placed in the receiver than in the
transmitter, though possibly further studies would show that a some-
what less degree of predistortion would be preferable.

Turthermore, noise is obviously most objectionable during the
playing of soft music. But present-day practice (as well as the Arm-
strong system) takes no account of this and Jeaves the noise level
fixed independent of the loudness of the program. Why do we not use a
compressor-expander system, in which soft music is amplified more than
loud music in the transmitter, thus helping to bring it above the noise
level, and is less amplified in the receiver?

Both the predistortion-restoring system and the compressor-ex-
pander system have been tried in practice and their value has been
recognized. Both were referred to by my brilliant predecessor Mr.
Ballantine in his paper on “High Quality Transmission and Recep-
tion.”? With the addition of predistortion-restoring and compression-
expansion, it is my belief that frequency modulation is highly useful
even in the standard droadcast band of frequencies—not as a minor im-
provement, but as a means of making a five-kilowatt station, say,
cover a greater area with less interference and noise than a fifty-kilo-
watt station of today.

With frequency modulation, the effect of excessive modulation is
not of the sort to which we are accustomed. It does not distort the

1 Bell Sys. Tech. Jour., vol. 10, p. 349; July (1931).
2 Proc. 1.R.E., vol. 22, pp. 564-629; May (1934.)
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program transmitted, but does interfere on adjacent channels. We an-
noy our neighbors, not ourselves. Hence the maximum modulation
permissible will depend on carrier-frequency allotment relative to the
geographic location of the broadcast stations. To keep the side fre-
quencies almost completely within the present ten-kilocycle channel,
the peak half-swing in frequency might be of the order of four kilo-
cycles. This is sufficient to give the noise reduction and the consequent
decrease in required transmitter power that I have mentioned.

While it will probably be desirable to restore completely the pre-
distortion (except perhaps for manual controls to reduce exceptional
noise, as used at present), it will be a matter of study to determine
how far-the expander should go in counter-acting the compressor. At
present we are using crude compression without expansion—the
manual monitoring of the transmitter to minimize overmodulation;
and it seems agreed that in our homes we do not find pleasing the
enormous range in sound volume that we enjoy in a concert hall. Evi-
dently these problems call for co-operative action on the part of
broadcasters and receiver manufacturers. Presumably, frequency
modulation will come into use first at high carrier frequencies. When
receivers adapted to its reception are generally available, then it will
be feasible to extend its use into the standard broadcast band.

The study of frequency modulation has carried me into two other
lines of thought, which do not seem promising to me but which may be
suggestive to some in the audience. The first is the possibility of ob-
taining the advantages both of frequency modulation and of single
side-band transmission. Mathematically, I have found that if one side
band is eliminated before frequency multiplication, it will not re-enter
if no limiter is used subsequently in the transmitter, but it will be
restored by the limiter in the receiver. This seems to solve the problem,
but unfortunately the transmitted wave will have such high amplitude
modulation, in addition to its frequency modulation, as to seem quite
impracticable. Briefly, the mathematies is as follows: At low modula-
tion (such as exists before frequency multiplication), the current vector
moves around a small circle, whose center is the end of the unmodu-
lated carrier; after frequency multiplication, the current vector moves
over a locus whose extreme radii are the exponentials of the extreme
angles (in radians) of phase swing. Thus, if the phase swing is plus or
minus a half cycle (r radians), the extreme radii are the exponentials
of plus or minus , which are about 23 and 1/23. This is only a mod-
erate phase swing; and an increase in carrier amplitude of twenty-three
times is certainly prohibitive.

The other thought, suggested by the results just described, is that
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even with pure amplitude modulation we might. avoid the absolute
limit of 100 per cent modulation by modulating exponentially instead
of lincarly. The two forms would be substantially identical at low de-
arees of modulation; but at high modulation, the positive swing would
multiply the carrier by a certain factor and the negative swing would
divide it by that factor. When the factor is e=2.718, we might say
the modulation is 100 per cent, but neither this nor any other value
would be a limiting one.

To return again to {requency modulation, this has an advaniage
that T have not secen mentioned; it permits of modulation at low power
level followed by push-pull power amplification of the form which I
deseribed at the opening meeting of the Philadelphia seetion of the
I.R.E. (under Mr. Ballantine’s chairmanship) just sixteen years ago.
With this system, the vacuum tubes would not be ealled upon (as they
are today) to absorb power by reason of the differences in wave form
of the input and output voltages; but the power losses would be de-
termined only by the inherent characteristies of the vacuum tubes
themselves. Most of the power input would then appear as output, not
as tube loss. Naturally, the power tubes would be redesigned to take
advantage of the low permissible losses; and perhaps might be of the
type which I have disclosed in which a constant magnetic field pre-
vents electrons from reaching the grids even when these are highly
positive. With frequency modulation, we can therefore anticipate a
ereat reduction in the cost of installing and operating a broadecast
station, both by reason of the lessened power output required for a
given coverage and because of the improvement in efficiency.

If we had to do it over again, I feel certain that we would use fre-
quency modulation universally for broadeasting. Does not this indicate
that it must foree its way in eventually? It is particularly pleasing to
me to endorse this latest work of Professor Armstrong; for it was his
Institute paper on regeneration twenty-one years ago that started me
in radio.

I have spoken of but a single element of radio engineering which has
happened to engage my attention—modulation in broadcasting. I have
suggested that present methods need complete re-examination, which
will call for extensive investigation and development. Doubtless the
same condition prevails in other parts of the radio field. There is ample
opportunity for fresh minds to initiate and carry through important
advances.
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MESSAGE FROM VALDEMAR POULSEN*

Vice PrESIDENT, INSTITUTE OF RADIO ENGINEERS, 1936

First, I wish to express towards the retiring -president and the Di-
rectors of the Institute of Radio Iingineers my appreciation of the
election as vice president for the year coming. The names of the per-
sonalities, who previously have been vice presidents of the Institute
show clearly the honorary character of this title.

I very much regret that being too occupied with my experimental
works I shall not be able to be present at the annual meeting of the
Institute on January 8th next and to take part in the discussion of the
many interesting problems on radio which accumulate all over the
world.

On this occasion I shall confine myself to express the best wishes for
the activities of the Institute in the coming year and to express the
hope that the mighty factor, the radio, will succeed in fulfilling one
of its most important cultural missions, which is to strengthen the
collaboration and friendly bonds between the nations.

Copenhagen, the 23rd of December, 1935.

* Read by President Hazeltine before New York meeting of the Institute,
January 8, 1936.
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Special I. R. E. Committee Studying Registration of Engineers

At a meeting of the Board of Dircetors of the Institute on October
23, a Speeial Committee of the Board consisting of Messrs. AL T
Van Dyek, chairman; T, €U 15 Horle, and R. 11. Langley presenied to
the Board the results of its study of the question of engineering regis-
tration.

The Committee reviewed the state engineering registration laws
for all states from which copies of the laws could be secured. Tt found
{hat engineering registration laws are now in force in thirty-five states
and in Hawaii, Porto Rico, and the Philippines. In no siate does the
law specifically mention radio engineers as {hose who must be reg-
istered. However, various organizations, partienlarly societies of pro-
fessional engineers, are working aetively to bring about an interpreta-
{ion of the use of the appellation “engineer’” as used in these Taws in a
way which may ultimately include the radio engincer. In addition,
the Commitice finds that seven large national engineering societies are
supporling a nationally organized effort known as the I'neineers’ Coun-
¢il for Professional Development, to improve the status of engineers.
A part of this effort is direeted toward the establishment of unified
and rational practices in the registration of engincers.

A review of the state engineering registration laws discloses that
the question as to who may be registered is not clearly answered in
most of the states nor is there more than a semblance of uniformity
among the states. It appears to the Committee that in no states has
the radio engineer been considered and in some instances the wording
of the law is such as to exempt him from the scope of the statute.

The statutes in most of the states require the registration of “pro-
fessional” engincers only. This term, in general, refers to those who
advertise or “hold themselves out to be” practitioners of professional
engineering. Additionally, in many states, the law provides that an
engineer who is employed by a professional engineer or registered
engineer, and who is not in responsible charge of work, neced not be
registered. Similarly, in many states, an engincer employed by a
corporation, not in responsible charge of important work, need not be
registered, provided that other employees who are in responsible charge
of the work are registered engineers. Except in those states in which
registration is restricted to civil or structural engineers, the laws per-
mit any engineer to be registered who desires to be and can meet the
requirements.

Most of the state laws specify the qualifications for registration,
fees for examinations and registration and renewal thereof, and the
penalties for infraction of the statutes. In general, there is so great a
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divergence among the states that no generalizations of material sig-
nificance can be made. However, substantially all of the statutes re-
quire several years of practical experience after graduation from an
approved school, with provision also being made for the registration
of those without any formal engineering schooling in which case con-
siderably greater practical experience is required. Substantially all of
the statutes require the passing of some form of examination.

The Committee came to the conclusion that no further effort at
detailed interpretation of the statutes is warranted by the Board of
Directors at this time in view of the divergence among the states and
the lack of adequate adjudication of these laws.

The Committee calls the attention of the Board to the active work
which is being carried on through the Engineers’ Council for Profes-
sional Development mentioned above. This Council is undertaking a
constructive program looking toward the improvement of the status
of the engineer not only with respect to state registration laws but also
in important educational, cultural, and social directions.

. The Board feels that the work of the Engineers’ Council for Pro-
fessional Development is such as to be of great value to the radio en-
gineering profession in the long run and plans to keep closely in touch
with its activities.

January Meeting of the Board of Directors

The annual meeting of the Board of Directors was held on January
8 in the Institute office and attended by Alan Hazeltine, president ;
Melville Fastham, treasurer; E. H. Armstrong, Stuart Ballantine,
Arthur Batcheller, Virgil M. Graham, C. M. J ansky, Jr., E. L. Nelson,
L. E. Whittemore, William Wilson, and H. P. Westman, secretary.

Alfred N. Goldsmith was reappointed editor of the ProcEEDINGS,
Melville Bastham was reappointed treasurer, and H. P. Westman was
reappointed secretary for 1936.

Twenty-nine applications for Associate, one for Junior and twenty-
seven for Student membership were approved.

An invitation from the Cleveland Section for the 1936 Convention
of the Institute to be held in that city was accepted and K. J. Banfer
designated chairman of the convention committee.

The requirement that a new entrance fee be paid by delinquent
members applying for reinstatement was waived for 1936. Those who
relinquished their membership in the past may now resume active
membership by payment of current dues.

As a result of a ballot, J. V. L. Hogan, L. C. F. Horle, C. B. Jolliffe
A. F. Murray, and H. M. Turner were appointed to serve as directoré
for 1936.




Institute Ncws and Radio Noles 147

An incomplete list of commitice appointments was made up. It is
anticipated that the final list will be completed at the February Board
mecting and will be posted in the April issue of the PrROCEEDINGS.

By resolution, the Broadeast Commitiee and the technieal commit-
tees which previously served as subecommitiees to the Standards Com-
mittce were made standing committees. The technieal committces
were those on Eleetroacoustics, Tleetronies, Receivers, Television and
Facsimile, and Transimitters and Antennas. In matters pertaining {o
standards, these technieal commitices will report to the Standards
Commitice and the chairmen of these commitiees shall be ex oflicio
members of the Standards Commitiee.

Institute representatives on other bodies will be ineluded in com-
mittee lists published in the future.

A budget for operation during 1936 which provides for an inerease
in funds for Procirpinas publication and based on o small defieit at
the end of the year was adopled.

By resolution it was agreed that in interpreting Article 11, Section
6 of the Constitution relating to Student members it is recognized
that the giving of instruction involves the element of study and there-
fore a graduate student devoting approximately half his time to in-
structing and the remaining time directly to studies shall be considered
as fulfilling the constitutional requirement of devoting “the major
part’” of his time to studies.

Committee Work

AparssioNs COMMITTEE

The Admissions Committee met on January 7 in the Institute
office and those present were Austin Bailey, chairman; E. V. Amy, R.
A. Heising, L. C. F. Horle, and . P. Westman, secretary. Three ap-
plications for transfer to I'ellow Grade were approved. Of six applica-
tions for admission to Member, four were approved and two denied.
TFour applications for transfer to Member were approved, one was
tabled, and one denied.

TecENICAL COMMITTEE ON ILLECTROACOUSTICS

A meeting of the Institute Technical Committee on Electro-
acoustics was held on December 20 in the Institute office. Those
present were H. I. Olson, chairman; Sidney Bloomenthal, IXnox Mec-
Ilwain, Hans Roder, V. I&. Whitman, and H. P. Westman, secretary.

Another meeting of this committee was held on January 10 with the
same members present.
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These two meetings were devoted to the completion of a report on
definitions and the preparation of material on performance indexes
and testing of electroacoustic devices.

MEeMBERsHIP COMMITTEE

A meeting of the Membership Committee was held on January 8
in the Institute office and those present were F. W. Cunningham, chair-
man; J. M. Clayton, I. S. Coggeshall, H. C. Humphrey, and C. R.
Rowe. A discussion of the personnel of the committee for 1936 was
held and consideration given to the program of operation for the year.

TeEcENICAL COMMITTEE ON RADIO RECEIVERS

Subcommittee on Test Procedures

D. E. Foster, chairman; L. . Curtis, E. T. Dickey, J. . Farring-
ton (representing . A. Wheeler), and H. P. Westman, secretary, were
present at a meeting of the Subcommittee on Test Procedures operat-
ing under the Technical Committee on Radio Receivers. The com-
mittee devoted its time to an examination of the test procedures con-
tained in the 1933 Report, and prepared a number of proposed modi-
fications.

Institute Meetings
ATraNTA SECTION

A meeting of the Atlanta Section was held on October 24 at the
Atlanta Athletic Club. It was presided over by I. H. Gerks, chairman.
Nineteen were present and five attended the informal dinner which
preceded it.

A paper on “Metal Tubes” was presented by H. A. Leighley,
Manager of the Southeastern Division of the RCA Manufacturing
Company. The paper covered constructional details of the metal tubes
and their characteristics. Advantages of the new design over the glass
tubes were fully shown. The paper was discussed by Messrs. Fowler,
Gerks, Parkins, and Reesor.

Burraro-Niacara SEcTioN

A meeting of the Buffalo-Niagara Section was held at the Uni-
versity of Buffalo on November 13. L. I, Hayslett, chair(man, presided
and eight-four were present. '

A paper on “The Manufacture and Application of Metal Tubes’’

-was presented by Walter Jones of the Hygrade Sylvania Corporation.

The paper was opened with a brief review of the metal tubes now be-
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ing produced. Experience has shown that they are sufficiently differ-
ent from glass tubes to require modifications in receiver design and the
lack of this has been somewhat responsible for unsatisfactory results
which have been obtained with metal tubes in a number of the earliest
receivers to use them. It is anticipated that increased production will
lower the cost of manufacture as fabrication tolerances can be reduced
and maintained. Certain types of tubes have caused more trouble than
others. The general difficulty with hard tubes has been in heating the
elements sufficiently to drive off gases for complete exhaustion. Induc-
tion heating is not suitable where a metal envelope surrounds the
clectrodes and other methods of heating the clectrodes have been de-
veloped. To reduce the temperature of the tubes, the interior surface
of the metal envelope has been blackened so that it will absorb heat
more readily and reflect less back to the elements. Some problems in
connection with gas current, grid emission, and contact potential were
discussed. General features of the design of receivers and factors re-
quiring careful attention to produce satisfactory results were given.
New developments in metal tubes which might be expected in the
near future were outlined.

CHICAGO SECTION

The annual meeting of the Chicago Section was held on December
13 in the Hotel Sherman and attended by 400. There were twenty-five
at the informal dinner which preceded the meeting. The meeting was
presided over by Alfred Crossley, chairman. In the election of officers
for 1936, I1. C. Vance of the RCA Victor Company was named chair-
man; J. Kelly Johnson of the Wells-Gardner Company, vice chairman;
and J. I&. Brown, secretary-treasurer.

A paper on “Recent Advances in Television”’ was presented by P.
T. Farnsworth, vice president in charge of research of FFarnsworth
Television, Inc. In it he outlined a system of image disscction employ-
ing cathodc-ray tubes and image reproduction by similar devices hav-
ing synchronized sweep circuits. Advantages of interlaced scanning
over sequential scanning were discussed and the need for avoiding
pull-in in scanning oscillators pointed out. A need for high amplification
{0 permit satisfactory modulation of the transmitter was discussed.
The use of the multipactor was given as a solution to the problem.

The development of the mullipactor was deseribed and the ad-
vantages and disadvantages of numerous types indicated. Beginning
with the static type of two clements, the speaker deseribed dynamic
types which exhibit highly novel and uscful characteristics. An early
type driven by a high-frequency voltage in a range from 40 to 100




150 Institute News and Radio Notes

megacycles was described and its anode current-voltage character-
istics described. Mechanical and electrical modifications were dis-
cussed. Another type consisting of a cylindrical cathode and a grid
type anode capable of oscillation was analyzed and produced effi-
ciencies of conversion from direct-current power to oscillatory current
power close to one hundred per cent.

The paper was concluded with a demonstration of the operation of
the multipactor as a modulated oscillator and amplifier. Many of those
present participated in the discussion which followed.

CINCINNATI SECTION

The annual meeting of the Cincinnati Section was held on De-
cember 17 at the University of Cincinnati. A. F. Knoblaugh, chair-
man, presided and thirty-one members and guests were present.

In the election of officers, C. D. Barbulesco of the U. S. Signal
Corps Laboratories at Wright Field, Dayton, Ohio, was elected chair-
man; G. F. Platts of the technical staff of WLW was elected vice
chairman; and R. L. Freeman of the engineering staff of the Crosley
Radio Corporation was designated secretary-treasurer.

A paper on “Thie Quantitative Influence of Tube and Circuit Prop-
erties on Random Electron Noise” was presented by S. W. Seeley, an
engineer for the RCA License Laboratories. This was the same paper
which was presented at the recent Rochester Fall meeting.

CLEVELAND SECTION

A meeting of the Cleveland Section was held at the Case School of
Applied Science on October 24 and attended by sixty-three. K. J.
Banfer, chairman, presided.

A paper on “The Ionosphere and Propagation of Radio Waves” was
presented by E. O. Hulburt, Superintendent, Division of Optical
Physics, Naval Research Laboratories. Dr. Hulburt presented a brief
history of ionosphere research and discovery from the first trans-
oceanic communication by Marconi in 1902 to the puise method of
height determination developed by Breit and Tuve. Three layers have
been located and are the E layer at approximately 100 kilometers,
the Iy layer at about 200 kilometers, and the I, layer which is about
300 kilometers high. The F layers are comprised of electrons while
the E-layer composition is still undetermined. Continuous ionosphere
records are being taken at Washington, D.C., and Huancayo, Peru.
Graphs of virtual heights and electron density taken at these places
were shown. The paper was closed with a description of diffraction and
refraction of microwaves in the atmosphere.
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The Cleveland Seetion met on November 21 at Case School of Ap-
plied Science. K. J. Banfer, chairman, presided and twenty-six mem-
bers and guests attended.

A paper on “Continuous Recording of Radio Iield Intensities” was
presented by S. 8. Kirby, Associate Physicist of the National Bureau
of Standards. This paper reported on work to determine the best
spacing by geographical location and frequency of broadcast trans-
mitters, both sky and ground wave being taken into account. The re-
sults of measurcments made near Washington, D.C., on the ficld
strength of WLW with 50 kilowatts and 500 kilowatts power and on
WCKY were shown. The recording equipment and its operation were
described. Data on attenuation of transmitted waves from several
stations were shown and an inverse distance curve developed from
readings taken every twenty minutes over a period of months. This
curve showed a peak at 500 to 600 kilometers from the station. In
collaboration with the Columbia Broadcasting System, measurements
were made on the transmissions from WBT at Charlotte, S. C. Seven
recording stations were established at distances from twenty-five to
five hundred miles from the transmitter. Continuous records were
made during a summer and winter period. A comparison of a vertical
radiator with a flat-top antenna showed the average night sky-wave
ficld intensity to be higher with the former. The vertical radiator
also increases the ground wave and decreased fading within a range
of 150 kilometers. At greater distances the field intensity was increascd
with no increcase in fading.

DrErroIT SECTION

The annual meeting of the Detroit Scetion was held on December
20 in the Detroit News Conference Room and was presided over by A.
3. Buchanan, chairman. Thirty-five members and guests were present
and {welve attended the informal dinner which preceded the meeting.

A paper on “I'he Cathode-Ray Oscillograph as Used in the Study
of Lightning Surges” was presented by I, M. Duff, an engincer for
the Detroit Fdison Company. He presented a short history of the
work done in the study of lightning. Originally such discharges were
thought to be unidirectional but there is now evidence to indicate
that the stroke may be oscillatory in nature. The cffeets of lighining
surges in power lines and methods for minimizing them were reviewed.

Tfour general {ypes of surge recording apparatus are in use. One
measures the size and nummber of holes punctured in a picee of paper
by the surge current, in the ground lead of a lightning arrestor. Another
uses the magnetizing effect of the surge current. These two employ
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simple apparatus and can readily be installed in many places. Two
others, the Clydonograph and the cathode-ray oscillograph are not
easily portable and are used in particular locations where extensive
studies are being made. The Detroit Edison Company at present
mainly uses the oscillograph which was described in detail. The paper
was discussed by Messrs. Buchanan, Holland and others.

The speaker described the artificial lightning generator used by the
Detroit Edison Company.

New officers were elected to serve during 1936 and E. C. Den-
staedt of the Detroit Pclice Department was elected chairman; R. L.
Davis of Grand Rapids, vice chairman; and H. S. Gould, Detroit,
secretary-treasurer. :

New York MEETING

The annual meeting of the Institute was held in New York City on
January 8 in the Ingineering Societies Building.

Stuart Ballantine, the retiring president, opened the meeting with a
short statement and introduced the incoming President, Alan Hazel-
tine. Their remarks appear elsewhere in this issue together with a
message from Vice President Poulsen.

A paper on “Propagation and Characteristics of Frequency Modu-
lated Waves” was presented by M. G. Crosby of RCA Communica-
tions. In it, the effects of multipath transmission with respect to dis-
tortion and diversity reception in the short-wave range were given in
a description of frequency modulated transmissions from Bolinas,
California, to Riverhead, N. Y. An analysis of the experimental results
was given and the application of frequency modulation to ultra-short
waves discussed.

Several of the 300 members and guests present participated in the
discussion of the paper.

PrILADELPHIA SECTION

A meeting of the Philadelphia Section was held on November 7 at
the Engineers’ Club and presided over by Knox Mecllwain, chairman..
Two hundred and sixty were present and twenty attended the dinner
which preceded the meeting.

L. M. Clement, vice president in charge of research and engineering
of the Victor Division of the RCA Manufacturing Company, presented
a paper on “Kuropean Radio Ixperiences, 1932-1935.” Tt covered his
experiences in Kurope as chief engineer for European radio re-
ceivers for the International Standard Blectric Company. He pointed
out that radio in Europe has advanced very rapidly from 1932 to the
present time. In most countries, broadcasting is supported by license
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fees and excef)t for France, Ireland, and Luxembourg there is little
advertising. In these ccuntries, an English company presents ad-
vertising programs in English. For every thousand persons in 1934
there were thirty-five receivers in France, forty-eight in Mexico,
seventy-three in Russia, eighty-two in Germany, one hundred ‘and
thirteen in Sweden, one hundred and thirty-six in TEngland, one hun-
dred and fifty-three in the United States, and one hundred and fifty-
four in Denmark. It was pointed out that even though the labor rate
was below that of the United States, the total labor cost was higher.
Receiver prices abroad are higher than in the United States and in
some countries this is due entirely to tube prices.

C. M. Sinnett of the Engineering Department of the RCA Manu-.
facturing Company presented a demonstration of the latest type RCA
receiving set and phonograph. e explained the volume expansion
feature of the phonograph portion and stated that a volume range of an
orchestra is seventy decibels. It is not practicable to record this range
as the cutter would break through the adjacent groove and the record
is limited to a range of about forty to forty-five decibels. By employing
an expanding circuit, the range can be increased by twenty decibels.

The December meeting of the Philadelphia Section was held on
the 5th at the Engineers Club with Chairman Mecllwain presiding.
Two hundred and seventy members and guests attended and twenty-
four were present at the informal dinner which preceded the meeting.

Two papers were presented. The first by F. B. Woodworth of the
Technical Staff of the Bell Telephone Laboratories was on “Iarbor
Craft Radiotelephone System of the Atlantic Communications Cor-
poration.” It described a radiotelephone communication system for tug
boats on the Delaware and Schuylkill Rivers in the Philadelphia
harbor area. The equipment operates at a frequency of 38.6 mega-
cycles. The shore transmitter and receiver are installed ‘at remote
locations and connceted by telephone lines to a central operating bay
Jocated at the Point Breeze Refinery of the Atlantic Refining Company.
The transmitter is crystal controlled, cmploys voice control of the
carricr output, and is rated at fifty watts. The reccivers are of the
supcrheterodyne type and are equipped with a device called the
“codan” which prevents any audio output from the receiver passing
over the lines to the control point until a signal is reccived. One re-
ceiver is installed on a pole over the refinery and the other on top of
a grain clevator. The antennas are half-wave structures and a coaxial
{ransmission linc carrics the energy to the receiver. The boat equip-
ment comprises a crystal controlled five-watt transmitter, a crystal
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controlled superheterodyne receiver, and a “codan” for regulating the
voice output of the receiver. A selective ringing circuit is provided to
actuate a delay in the pilot house when calling signals are dialed by
the shore operator. The boat receivers are operated from a quarter-
wave fish-pole antenna connected through a coaxial line to the re-
ceiver. The system is designed to be connected with the regular Bell
Telephone System in the Philadelphia area. Three months of operation
have indicated the service to be satisfactory.

The second paper was by P. T. Farnsworth, vice president of
Farnsworth Television, Inc., and was on “Recent Developments in
Multipactor Tubes.” He described two types of electron multipliers,
one a direct-current type and the other an alternating-current variety.
The latter offers greater commercial possibilities in simpler form than
the direct-current type. By suitable circuit arrangement, the multi-
pactor could be made to multiply its current to the point where it
will burn up any type of electrode used in the tube. This makes neces-
sary the design of circuits to limit the multiplication of electrons in the
tube.

A tube three inches in diameter and five inches long was used in a
demonstration to represent a small broadecast station of fifty watts
capacity. Its output was modulated by a phonograph and the radio
waves operated a radio receiver on the opposite side of the lecture hall.
A twenty-five-watt electric-light bulb in series with a few turns of
wire was lighted to full brilliancy when brought into the field of the
multipactor circuit. A cathode-ray oscillograph indicated how a high
harmonic of the twentieth order can be controlled and varied from
zero to twenty per cent. This feature will be useful in frequency multi-
plication.

PrrrsBureH Skerion

A meeting of the Pittsburgh Section was held on December 17 at
the Fort Pitt Hotel and attended by twenty-four. J. G. Allen, vice
chairman, presided and because of the resignation of R. D. Wyckoff
as chairman, required by his removal to Texas, a special election was
held to fill this office. This resulted in Lee Sutherlin of the Westing-
house Research Laboratories being elected chairman for the remainder
of the term. ,

A paper on “Application of Vacuum Tubes to Automatic Train
Control” was presented by L. R. Allison and R. K. Crooks of the Union
Switch and Signal Company. Mr. Allison treated the general subject
and pointed out various steps by which train control has developed
to its present status. In the earlier system only two indications were
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possible. Most present installations provide for four indicalions giving
the locomotive crew continuous information as to the status of the
right of way for three signaling blocks in advance.

Mr. Crooks discussed the design of amplifiers used for train con-
trol. They differ from ordinary audio and radio amplifiers in that they
amplify a 100-cycle wave modulated at one and one third, two and
three cycles per sceond. Three-cycle modulation provides clear signal
indication, two-cyecle is for restricting, and onc and one third for ap-
proach indication. Unmodulated or absence of 100-cycle encrgy indi-
cates a complete stop. It was pointed out that the copper-oxide rectifier
is partly responsible for obtaining a @ in the neighborhood of five for
the modulation frequenecy resonant circuits. The paper was discussed
by Messrs. Lazich, Stark, and Upp.

San FraNcCiSco SECTION

The San Francisco Scction met jointly with the local section of the
American Institute of Eleetrical Engincers on December 6. I5. M.
Wright, chairman of the cleetrical group, presided and 130 members
and guests were present. Tifty-cight attended the informal dinner
which preceded the mecting.

A paper on “Directive Antennas” was presented by L. I. Fuller,
Chairman of the Electrical Engincering Department of the University
of California. Dr. Tuller spoke chicfly on modern radio transmission
and directive antennas. He outlined in considerabte detail their history
and brought out many points with which most of the audience were
unfamiliar. Prior to his paper, short addresses were made by the Chair-
man, R. D. Kirkland, and Mr. Bartly, a student at the University of
California, who spoke briefly on Maxwell and Hertz.

SEATTLE SECTION

R. C. Fisher, chairman, presided at the November 29 meeting of
the Seattle Section which was held at the University of Washington
and attended by thirty-six.

A paper on “Industrial Applications of Vacuum Tubes” was pre-
sented by L. B. Robinson of the General Electrical Company and
described the application of the various types of vacuum tubes in the
industrial field in and about Seattle. The use of sodium-vapor tubes
for highway lighting, mercury-vapor lamps for interior lighting, and
the thyratron controlled welder used extensively in airplane factories
were featured in his talk. The paper was discussed by Messrs. Hoard,
Libby, Willson and others. ’
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ToroNTO SECTION

L. M. Price, chairman, presided at the December 10 meeting of the
Toronto Section which was held at the University of Toronto. Four-
teen were present at the dinner which preceded the meeting and sixty-
one attended the meeting.

A paper on “Circuit Applications for Metal Tubes” was presented
by W. R. Jones of the Hygrade Sylvania Corporation. He discussed
metal tube rectifier structures pointing out defects which showed up
in initial designs and indicated how they were overcome. The diffi-
culties of obtaining a definite analysis of power supply circuit failures
when the transformer is destroyed were outlined and the desirability
of suitable fusing emphasized. In considering metal tubes for every
purpose, the problems of contact potential, grid emission, and gas
were discussed and metal and glass tubes compared. The possibility
of grid emission in current production metal tubes may be slightly
greater than in comparable glass tubes and requires revision of re-
sistance values in associated networks. Several compromise methods
of obtaining satisfactory results were shown. The paper was discussed
by Messrs. Bayley, Hepburn, Rogers and others.

WasHINGTON SECTION

The annual meeting of the Washington Section was held in the
Potomac Electric Power Company auditorium on December 9 and
presided over by E. K. Jett, chairman. There were seventy-four mem-
bers and guests in attendance and twenty-seven were present at the
informal dinner which preceded the meeting. :

“A Symposium of Government Radio Activities for the Year” was
presented by Raymond Asserson, Research Engineer of the Federal
Communications Commission; J. H. Dellinger, Chief of The Radio
Section of the National Bureau of Standards; H. G. Dorsey, Principal
Electrical Tngineer of the U. S. Coast and Geodetic Survey; and W,
J. Ruble, Chief of the Radio Division of the Bureau of Engineering of
the U. S. Navy Department.

Mr. Asserson outlined briefly the work of the Federal Communica-
tions Commission in exercising control in radio communication. Il-
lustrations were presented showing the expansion of the useful radio
spectrum and assignments made to different users.since Maxwell’s
time. International control was touched on and many of the commis-
sions related activities were outlined. : '

Dr. Dellinger reviewed the reasons leading to government control
of radio. He described the work of the Bureay of Standards and men-
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tioned among its activities the maintenance of standards and its serv-
ice as n national physieal laboratory. The Bureau maintains the na-
tional frequeney standard, aets as a consultant for other departments
of the government, studies wave propagation, is engaged in problems
of ultra-high-frequency applications, and studies {he relation between
frequency and distance covered. Recent discoveries at the Bureau re-
earding short periods of fading at Hi-day intervals were outlined.

Commander Ruble commented on the neeessary restrietion of his
Jiscussion of naval radio activities. He mentioned briefly the new 500-
kilowntt transmitters at Annapolis, Honolulu, and the Canal Zone,
the new recciving station for Washington, the experimental high-fre-
quency radio keying cireuit to Annapolis, and the emergeney radio
communication with Addis Ababa for the United States State Depart-
ment. Mention was made of the use of radio direetion finders to assist
in the carrier location of survey vessels in off-shore mapping, of the
development of improved depth finders working to 2000 fathoms, and
of the eampaigns to reduce the source of eleetrieal noise at the Navy
Yard. New Methods of procuring radio supplies, improved apparatus
specifieations, and methods of testing were outlined. Vacuum tubes
are now bought on a life basis. It was stated that the trend in trans-
mitters is now definitely away from erystal control.

Dr. Dorsey spoke briefly on the application of radio to the work of
the Survey, including the use of time signals for the determination of
longitude and gravity constant, the use of radioacopstic sound ranging
for determining ships’ positions in survey work, this method having
been found superior to radio direction finding, and miscellancous uses
of sound applications including depth finding which have now been
developed to give very accurate determinations at shallow depths.

The papers were discussed by Messrs. Bates, Burgess, Dingley,
Jett, Ould, Perry, and Wheeler. In the election of officers, Chester L.
Davis was named chairman; W. B. Burgess, vice chairman; and G. C.
Gross, secretary-treasurer.

Personal Mention

Previously with the General Electric Company, A. C. Bartlett has
joined the staff of the Electric Home and Farm Authority at Wash-
ington, D.C.

M. K. Goldstein formerly with Molded Insulation Company has
become a development engineer for the Wright Iield Aireraft Radio
Laboratory at Dayton, Ohio.
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Formerly with Amplivox Sound Laboratories, G. L. Haller has
joined the staff of the Wright Field Aircraft Radio Laboratory at
Dayton, Ohio. '

Hugh Hamilton, Jr. has left the Hygrad Lamp Company to join
the staff of Eclipse Aviation Corporation of East Orange, N. J.

H. W. Kozanowski has joined the engineering staff of RCA Manu-
facturing Company at Camden, N. J., having formerly been with the
Westinghouse Electric and Manufacturing Company.

F. W. Kranz formerly with the Magnevox Company has joined
the engineering staff of Consolidated Manufacturing Company, St.
Louis, Mo.

G. A. Mathieu is now located at Polskie Zaklady Marconi in War-
saw, Poland, having formerly been located with Marconi’s Wireless
Telegraph Company in London, England.

I. A. Mitchell of Kenyon Transformer Company has been named
president of that organization.

S. C. Milbourne has left the Wholesale Radio Company to become
a service engineer for Supreme Instruments Corporation, Greenwood,
Miss.

A. Z. Smith of RCA Communications has been transferred from
Riverhead to 66 Broad Street, New York City.

C. N. Smyth has become a research engineer for Kolster Brandes,
Ltd., of Sideup, London, having formerly been with the General Elec-
tric Company.

H. C. Little previously with General Household Utilities Company
has joined the engineering staff of Colonial Radio Company of Buf-
falo, N. Y. -

J. R. Waugh, Jr., of the RCA Manufacturing Company has been
transferred from Camden, N, J ., o Detroit, Mich.

Eugene Wesselman is now with the Steward Warner Corporation in
Chicago having formerly been with the Colonijal Radio Corporation of
Buffalo. :

D. O. Whelan formerly with RCA Institutes has established the
Dowea Engineering Service of Plainfield, N J.

W. R. G. Baker has left the RCA Manufacturing Company to
take charge of radio engineering and manufacturing for the General
Electric Company at Bridgeport, Conn.

H. D. Cluff, Captain Royal Canadian Signa, s :
from Winnipes o Camp B)(;l-den, Ontario.gnals, has been transferred

W. I'. Cotter has joined the Radio Engineering Department of the
Stromberg Carlson Telephone Manufacturing Company having form-
erly been with the United American Bosch Corporation.
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PREFERRED NUMBERS™

By
Artaur VAN Dycx
(RCA Lieense Laboratory, New York City)

Summary—The history of preferred nwmbers tn this country is given bricfly
and the present status of recommendations of the American Standards Association
is described. The subject is explained, and advantoges to design and manufacture
which the system affords are outlined. Tables are given of preferred numbers recom-
mended by the American Standards Associalion, in both decimal and fraclional
systems, and rules and suggestions for use of the tables in design work. Some POSSi-
bilities for tmmediale use in radio design are suggested.

PUrrost oF PREFERRED NUMBERS

REFERRED numbers are certain numbers that have been se-
Plected to be used for standardization purposes in preference to any

others. They should be used whenever possible for individual-
standard sizes and ratings, or for a series thereof, in applications similar
to the following:

Important or characteristic linear dimensions, such as diameters
and lengths. o

Areas, volumes, weights, and capacities.

Ratings of machinery and apparatus in horsepower, kilowatts, kilo-
volt-amperes, voltages, currents, inductances, capacitances, speeds,
power-factors, pressures, heat units, temperatures, gas or liquid-flow
units, weight-handling capacities, ete.

Characteristic ratios of figures for all kinds of units.

HisTorY OF PREFERRED NUMBERS IN THE UNITED STATES

TFor about fifteen years past, various organizations in this country,

. interested in industrial standardization, have been working to develop

a system of preferred numbers which would be suited to effective
utilization by American industry. Under the procedure of the American
Standards Association a system has now been developed which is
thought suitable for wide application and therefore for widespread
recommendation of the proposals. The object of this report is to make
available to the members of the Institute of Radio IEngineers a con-

* Decimal classification: R030. Original manuseript received by the Insti-
tute, September 26, 1935.
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venient reference on the subject, with the recommendation that it be
studied seriously by every member faced with design problems. The
report is made up largely from the writings of numerous engineers who
have been active in the work to date (see appended bibliography).
These engineers have not only studied and worked in committee, but
have promoted trials of the system in actual design, and have worked
out the practical problems which have appeared, especially in the adap-
tion to the fractional system of measurement.

Proposed series of preferred numbers, recommended to be used by
American industry, have been developed by sectional committee Z17
of the American Standards Association (ASA). These series, meant to
supersede those informally recommended by the ASA in 1927 for a
tryout in practice, are now published for general eriticism and com-
ment, before being submitted to the ASA for final approval. The pro-
posal includes several tables of preferred numbers, in the decimal and
binary systems. Comments on this proposal by the radio industry are
invited, and may be sent to the writer for presentation to the Sectional
Committee.

The decimal values given in the present proposal are identical with
those contained in a proposed recommendation now under considera-
tion by the International Standards Association (ISA), a federation
of the national standardizing bodies, including ASA, in nineteen coun-
tries. (The ISA proposal does not give preferred numbers in the binary
system.) Consequently, there is a fair chance that world-wide uniform-
ity in this respect will be attained in the near future.

EXPLANATION OF “PREFERRED NuMBERS” SysTEM

It is obvious that any line of machines, apparatus, or devices should
be based, at least within certain ranges, on a geometric series, in re-
gard to either dimensions or ratings, or both. This means simply that
any rating in the line, within certain ranges at least, should be larger
than the preceding one by a fixed percentage. However, if this prac-
tice were followed indiscriminately, with each designer independently
choosing his own percentages, the consequence would be that a great
number of different percentage figures, or ratios, would be used, and
standardization and simplification would not be achieved.

The preferred numbers system is an attempt to bring about a
standardization of these bercentage figures. It establishes certain series
of numbers increasing by these standardized percentages, giving a suffi-
cient number of series so that some one of them will suit any but the
most unusual design problems. These standardized percentage increases
should always be used, in preference to other figures not contained in
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- . .. ey
these series. For example, this system provides the so-called “5 series,
having five uniform steps of about 60 per cent each between 1 and 10;

TABLE 1

Basie PREFERRGD Nusmprns —Drenan Stes (10 To 100)

b 10 20 ~1Q
Series Series Series Series
60C6 Steps 259, Steps 1265 Steps 600 Steps
10 10 10
11.2
12.5 12.5
14
16 16 16
18
20 20
21.2
224 224
23.6
25 25 25 25
26.5
28 28
30
31.5 31.5 1.5
$3.D
35.5 35.5
37.5
10 40 10 40
42.5
45 45
47.5
50 50 50
53
RIY) 56
60
63 63 63 63
67
71 71
75
S0 80 80
85
90 a0
a5

Preferred numbers below 10 are formed by dividing the numbers between 10 and 100 by 10, 100,
ctc.

Preferred numbers above 100 are correspondingly formed by multiplying the numbers between 10
and 100 by 10, 100 ete.

Percentage steps in headings are approximate averages.

the “10 series,” having ten steps of about 25 per cent; the “20 series,”
having twenty steps of about 12 per cent; ete. In addition many other
related series are available, as will be described later. Table I shows
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TABLE II
PREFERRED NUMBERS—BASIC FRACTIONAL SERIES

The use of the fractional system should be restricted to linear dimensions in inches where fractions
are in common use and where therefore the decimal system is impractical, Percentage figures in head-
Ings are approximate averages.

- 1/8to 1 1to 10 10 to 40
5 10 20 40 5 10 20 40 5 10 20 40
Series | Series | Series | Series | Series | Series | Series | Series | Series| Series | Series Series
60% | 259% 129 6% 60 % 25% 129% 6% 60% | 256% 129 69,
Steps | Steps | Steps | Steps | Steps | Steps | Steps Steps | Steps { Steps { Steps Steps
1 1 1 1 10 10 10 10
11/16 10 1/2
11/8 {11/8 11 11
13/16 : 111/2
1/8 1/8 11/4 11/4 11/4 12 12 12
15/16 13
9/64 13/8 13/8 14 14
17/16 15
5/32 | 5/32 5/32 11/2 11/2 11/2 11/2 16 16 16 16
15/8 17
11/64 13/4 13/4 18 18
17/8 19
3/16 | 3/16 | 3/16 2 2 2 20 20 |20
13/64 21/8 21
7/82 1 7/32 21/4 | 21/4 22 | 22
15/64 23/8 23
1/4 1/4 1/4 1/4 21/2 (2172 | 2 1/2 1 21/2 24 24 24 24
17 /64 25/8 26
9/32 13%2 23/4 | 23/4 28 | 28
27/8 3
5/16 5/16 5/16 3 3 3 / 32 32 32
21/64 31/4 34
11/32 | 11/32 31/2 | 3172 36 | 36
23/64 33/4 38
3/8 | 3/8 3/8 3/8 |4 4 4 4 40 40 40 | 40
13/32 41/4 -
7/16 | 7/16 41/2 | 4172 Above 40 the fractional
15/32 4 3/4 | preferred numbers are the same
1/2 1/2 1/2 5 5 5 as the decimal preferred num-
17/32 51/4 | bers, see Table I.
9/16 9/16 51/2 | 5172 Below 1/8 the decimal se-
19/32 53/4 | ries will be used.
5/8 | 5/8 | 3/8 | 5/8 |6 6 6 6
21/32 61/2
11716 | 11/16 v 4 Below 3/16 the steps of
23/32 7172 | the 40 series are omitted as
3/4 3/4 3/4 8 8 8 finer gradations will seldom be
13/16 8 1/2 | used.
7/8 7/8 9 9
15/16 91/2

The basic preferred numbers system, being an international sv i i

¢ ) c ystem, is based on the use of decimals.

But as the use of fractions has become S0 thOTOU!lh[y established in the countries using the inch system
atz'sothiz umttex(;f (r)rfle]a’zsufrem%n%lt \l\)'as consld%}red advisable by the American committee to devise a frac-

ional systerr referred Numbers, over the range betw . : o aeY
o fr:ictlyorés is most customary. ge between 1/8 inch to 40 inches, over which the use
n order to make this system conform to well-established i :
! practices, the selected figures do not con-
form as closely to the theoretical values as the figures in the decimal system, theedisc%:pancy being as

much as 4 to 6 per cent in some cases. The maximum diff g . :
corresponding fractional system is 6.3 per cont. ifierence between values of the decimal and

the International System, which has been adopted also by the Ameri-
can Standards Association for the United States. Table IT gives a frac-
tional system of preferred numbers over a limited range. It is based
upon the same general principle and may be used for linear dimensions

in inches, where fractions are in such common use that decimals can-
not be applied readily.
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Bastc PrerERRED NUMBERS—80 SERIES

Sori TABLE III TABLIS 1V,
Series Decimal Series Tractional Series
10 to 100 3/8 t0 40
(Only for dimnensions in inches)
5 10 20 40 80 10 40 3/8 1 1/2 6 24
80 10.3 41.2 25/64 1 9/16 6 1/4 25
40 80 10.6 42.5 13/32 1 5/8 61/2 26
80 10.9 43.7 27/64 111/16 63/4 27
20 40 80 11.2 45 7/16 1 3/4 I7 28
_ 80 11.5 46.2 29/64 1 13/16 171/4 29
40 80 11.8 47.5 15/32 1 7/8 17 1/2 30
80 12.1 48.7 31/64 115/16 73/4 31
10 20 40 80 12.5 50 1/2 2 8 32
80 12.8 51.5 33 /64 3 1/16 81/4 33
40 80 13.2 53 17 /32 2 1/8 181/2 34
80 13.6 54.5 35/64 2 3/16 [83/4 35
20 40 80 14 56 0/16 2 1/4 9 36
80 14.5 58 37/64 2 5/16 '91/4 37
40 80 15 60 19/32 2 3/8 91/2 38
80 15.5 61.5 39/64 2 7/16 193/4 39
5 10 20 40 80 16 63 5/8 2 1/2 10 40
80 16.5 65 41/64 2 0/16 10 1/4
40 80 17 67 21/32 2 5/8 10 1/2
80 17.5 69 43 /64 2 1/16 10 3/4
20 40 80 18 71 11/16 2 3/4 11
80 18.5 73 45 /64 2 3/16 111/4
40 80 19 75 23/32 2 7/8 111/2
80 19.5 77.5 47 /64 2 15/16 11 3/4
10 20 40 80 20 80 3/4 3 12
80 20.6 82.5 25/32 3 1/8 121/2
40 80 21.2 85 13/16 3 1/4 13
80 21.8 87.5 27/32 3 3/8 13 1/2
20 | 40 | 80 | 22.4 | 90 778 3 1/2 14
80 23 02.5 29/32 3 5/8 14 1/2
40 | 80 | 23.6 | 95 15/16 3 3/4 15
80 24.3 97.5 31/32 3 7/8 151/2
5 10 20 40 80 25 1 4 16
80 25.7 1 1/32 4 1/8 16 1/2
40 80 26.5 1 1/16 4 1/4 17
80 27.2 1 3/32 4 3/8 17 1/2
20 40 80 28 1 1/8 4 1/2 18
80 29 1 5/32 4 5/8 181/2
40 80 30 1 3/16 4 “3/4 19 '
80 | 30.7 1 7/32 4 7/8 19172
10 20 40 80 31.5 1 1/4 -5 20
80 32.5 1 9/32 5 1/8 20 1/2
40 80 33.5 1 5/16 5 1/4 21
80 34.5 111/32 5 3/8 211/2
20 40 80 35.5 1 3/8 5 1/2 22
80 36.5 113/32 5 5/8 22 1/2
40 80 37.5 1 7/16 5 3/4 23
80 38.7 115/32 5 7/8 23 1/2

While there are few applications requiring steps smaller than the six per cent steps of the 40 series
such cases may nevertheless occur at times. Therofore the American Committee has adopted an 80
scries, both decimal and fractional, as indicated in Tables IIT and IV. The numbers of this series should
allso be uscful in many cases in aetual practice where it is necessary to standardize two values which
should be rather close together and where a difference of three per cent is suitable. Oneof the values can

lf)ocll?)}\l-%?g from one of the coarser serics and the other can be the value of the 80 series immediately

Steps between numbers in Tables IIT and IV inerease approximately three per eent on an average.

Tables IIT and IV give an “80 series” with 3 per cent steps.

Supplementary series can be constructed, using the same numbers
as in the fundamental series but having steps increasing by 9, 18, 40,
100, 150, or 300 per cent, as shown in Tables V and VI.

Mathematically, the factor by which each figure is multiplied to
obtain the next higher figure is
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SUPPLEMENTARY SERIES OF PREFERRED N UMBERS

TABLE V TABLE VI
Decimal Series—1 to 1000 Fractional Series—1/8 to 40
5/2 5/3 10/3 20/3 40/3 5/2 5/3 10(3 20/3 40/3
"Series | Series | Series Series Series Series Series Series Series Series
150% | 3009, 100 % 40%, 189, 1509, 300 % 1009, 409, 18 9,
Steps | Steps Steps Steps Steps Steps Steps Steps Steps Steps
1 1 1 1 1 1/8 1/8
2.5 1.18
6.3 1.4 1.4 11/64
ig 2 2 ;'7 Slhe
4
100 2.36 ! 1/4 1/4 1%%4
250 2.8 2.8 11/32 . 11/32
630 3.35 . . 13/32
1 1 1 1 1/2 1/2 1/2
4.75 19/32
5.6 5.6 5/32 11/16 11/16
6.7 3/8 13/16
8 8 8 1 1 1 1 1
9.5 21/2 1 3/16
11.2 11.2 6 1 3/8 1 3/8
13.2 16 1 5/8
16 16 16 16 40 2 2 2
19 2 3
22.4 22.4 2 3/4 2 3;2
26.5 3 1/4
31.5 | 31.5| 31.5 y I 7 1
45 450 4 3/4
53 5 1/2 5 1;2
6 1/2
63 63 63 ?g 8 8 8 /
9 1/2
90 188 11 1?1’
1
2
125 125 125 16 16 16 16
180 | 180 19
212 22 22
250 250 250 ggg 32 32 32
355 355 38
425
500 500 500
| 600
710 710
850
Preferred numbers below 1 and above S 1 ; i
1000 are formed by dividing the numbers basic :g'?eglggﬁtz;{a Ezggzs“qggrzeleited tfrom ghe
bet“’}gigf;rfréd r}oomobby 101())0- 1000 11112)0ve 60 or between 60 and 25 or %itifgegg?%i:gs
e u. ers above 4 s j i
correspondingly formed by multiply?rfg ar¢e necessary for some Justifiable reasons.
the numbers between 1 and 1000 by 1000.

Where it is desirable to have a nine per cent i "in steps h i

L S ) r cent increase’i

: o s i 8 pn _In steps, such a series may be constructed by
Percentage figures in headings are approximate averages.

for the 5 series \5/-16 or 1.5849

for the 10 series /10 or 1 .2589

for the 20 series /10 or 1.1220 -
for the 40 series v/10 or 1.0592

It therefore is clear that the system is a logical, simple method of
arriving at the minimum necessary number of sizes for a given device
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which will meet service requirements adequately. It insures that addi-
tional sizes may be provided later, where an incomplete range of sizes
may at first be desired, with logical fitting in of the later sizes with first
ones.

A knowledge of the theoretical basis is not essential for the prac-
tical use of the system. It has been mentioned above merely for the
information of those interested. The theoretically exact values of series
are obtained by starting with one and multiplying each number of the
series by a constant factor to obtain the next higher number. However,
the values sclected for practical use (which are given in the Tables)
are usually not the theoretically exact values, although they do not
depart therefrom more than 1.3 per cent in any case. The theoretical
values are not given here because they are of no value in the practical
application of the system. A table of the exact numbers (five decimals)
can be obtained from the American Standards Association.

APPLICATION OF PREFERRED NUMBERS

Tt should be emphasized that this method of standardization in-
volves, as its name indicates, numbers which are preferred, but which
do not have to be used where not efficiently suited. Many engineers
who have considered the subject briefly, state that the system is “fine
in theory, but impossible in practice,” or “purely academic but sizes
are determined by practical customer desires,” or “useless because
sizes needed have been determined by long practical evolution and
industry can’t stand for theoretically idcal changes.”

Such objections are based on a misconception of the real nature
of preferred numbers. It is quite evident that there are many cases
in engineering design and industrial production where the applica-
tion of the system, although possible in principle, is not practicable
at the moment for reasons of cconomy. It cannot be expected that in-
dustry will serap valuable tools or equipment merely for the sake of
changing over o a new scrics of sizes which may be an ideal onc. The
important point is that therc are many cascs in which cxisting sizes
arc in process of revision, or new ones arc heing set up, where the series
of preferred numbers can be followed without penalty or difficulty, and
with greater ceonomy. 1t is in such cases thal its use is recommended.

Careful study in any drafting room will show thal there are many
cases in which the designer has Iatitude of choice of dimensions, rat-
ings, cle., so that his decision with respeet to them is arbitrary within
certain limits, and quite often these limits are wide.

In view of this, it is obvious that if certain numerical values are
universally aceepted as preferred, and are used whenever they meet re-
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~ quirements at least as well as any other arbitrary choices, there will
be occasions where the identicality of choices will develop later sim-
plicities and usefulness because of logical relations existing, which were
not in mind at the time of choices. Therefore, material savings should
result, some of the obvious ones of which are:

1. Mill products which are used in the fabrication of manufac-
tured articles could be made in a minimum number of standard sizes
so chosen as to meet the needs of users who have adopted preferred
numbers for the sizes of their wares.

2. Measuring equipment and production machinery might be sim-
plified and cheapened, because it would be necessary to provide only
for definite preferred dimensions instead of universal adjustment.

3. Odd sizes, manufactured through ignorance of real requirements
or to meet the supposed, but really illogical, needs of a customer or
industry, might be eliminated. N

4. Operations would be simpler for both producers and users, be-
cause calculation, manufacture, commerce, catalogs, price lists, and
human memory would deal only with certain easily memorized and
widely used numerals,

One of practical turn of mind may think that there is much of
theory and little of practical worth, in all this. Present sizes have been
developed by a cut-and-try process, with commercial necessity acting
as a brake on use of too many sizes. It might be assumed, therefore,
that present-day industry is already using the minimum number of
sizes consistent with meeting needs, and that these sizes are chosen
most advantageously. Such arguments are weighty and worthy of seri-
ous consideration, of course, but it is the finding of those who have
studied preferred numbers that the system can provide advantages
~over cut-and-try choices, which in many cases are distinctly worth
while. Preferred number standards cannot always be used in a finally
adopted design Because it may be necessary to compromise with some
of the many deeply rooted trade practices and customs, or with other
uncontrollable requirements, but their application should always be
studied. ,

A striking example of the use of preferred numbers and one which
has been in use for seventy years, is the Brown and Sharpe wire gauge.
The basis of its size variations is that of g geometric progression giving
cach increasing size a diameter greater than the preceding one by a
constant percentage. It is probable that the popularity of this gauge
is in large measure due to the utility inherent in the preferred number
idea of which it has been for so many years—unwittingly, it is true—
so successful an exponent. The system is nothing more than an intelli-
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gent method of selecting sizes so as to afford the greatest utility and
convenience, and to cover the full range with the minimum number of
sizes.

Years of experience with incandescent lamps have developed a se-
ries of wattage ratings considered most useful. The application of pre-
ferred numbers in the beginning would have given the correct values
at once as 10, 16, 25, 40, 63, 100, practically the same as determined by
experience. _

The “transmission unit” as used in telephone and radio practice is
an example of existing preferred number application, and one using the
“10 series.” -

Tt has been recommended! that the ratings of vacuum tubes for
industrial applications be established according to preferred numbers.

Certain foreign countries have made considerable progress in utili-
zation of the system. A German example in radio design is shown in
Appendix I, applying to receiver control knobs.

RULES AND SUGGESTIONS IN USE OF PREFERRED NUMBERS
Basic Rules )

Preferred numbers offer an excellent means to the individual manu-
facturer for standardizing parts and important internal dimensions of
his products, but the principal and most important applications should
be looked for in.connection with figures of interest, in purchasing ma-
terials and parts, such as gauge dimensions and sizes of materials, over-
all dimensions of machines and articles of all kinds, ratings, commercial
capacities, speeds, ete.; in other words, preferred numbers should be
used wherever the interchangeability of goods made by different manu-
facturers is of interest to the user.

While it is an cssential feature of the preferred numbers system
that it is based on geometric series; i.e., each number is a given pereent-
age larger than the preceding number, the use of geometric series of
numbers other than given here in the standard series should be avoided.
In order to further standardization, it is essential that the actual preferred
numbers given in the tables be used.

For a given line of articles or materials, the same series should be
adhered to over as wide a range as possible, but a change from one
series to another is frequently necessary in order to obtain the maxi-
mum utility and economy in the particular case involved. So far as
possible, the numbers in the “5 series” should be given preference over
those in the “10 series”; those in the “10 series,” over those in the “20

1 0. W. Pike and D. Ulrey, Elec. Eng., December, (1934).
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series”; and so on ; but, again, such choice should be made subject to
considerations of utility, economy, and the like.

If it is entirely impossible to adhere to the basic percentages of 6,
12, 25, and 60 of Tables T and II, other percentages can be obtained
from the supplementary series of Tables V and VI. These latter tables
are made up of numbers contained in Tables I and IT, supplemented by
an “80 series” (Tables IIT and IV ).

Time of Application _

When planning new designs, individuals and smaller industrial
units should always use preferred numbers as a basis. If this prac-
tice is followed before standardization by larger bodies or before na-
tional standardizing agencies can function, it will greatly facilitate
subsequent standardization by such bodies. When undertaking new
work, standardizing agencies should always use preferred numbers as
a basis. Where well-established and satisfactory standards exist, it is
frequently not economical to make changes merely for the purpose of
having the standardization conform to the preferred numbers system;
however, if extensions are made to such existing standards or if changes
are made for other reasons, preferred numbers should be used even
though it can be done only to a limited extent. .

Preferred numbers serve as a neutral ground in working out a re-
vision of several standards of an article already in use that are either
conflicting or too extensive to meet satisfactorily the demands of the
industry. In “simplified practice,” which is carried on in many indus-
tries and which usually consists in reducing the number of commercial
sizes, preferred numbers can often be made use of by favoring those
existing sizes that coincide with preferred numbers,

Application to Complete M achines, Devices, ete.

Preferred numbers should be applied to complete machines, de-
vices, ete., in such a manner as wil] result in the maximum interchange-

marily to the commercial ratings most, commonly used, such as horse-
power, speeds, ete. In the second place, they should be applied to im-
portant over-all and mounting dimensions o any other dimensions
that will result in interchangeability to the user. Finally, the individual
manufacturer may find it convenient to apply preferred numbers to
characteristic dimensions, ratings, ete., that will facilitate standardiza-
tion within his own sphere of activity.,

Frequently certain devices have to be located within certain spaces
with small clearances, and if in such cases preferred numbers cannot
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be ecconomically aﬁplied to both the devices and the clearances, they
should preferably be applied to the devices proper.

Application to Parts

In the standardization of parts of apparatus, preferred numbers
should preferably be applied to those parts with reference to which
interchangeability is of importance to the user of the device. In addi-
tion, however, manufacturers whose products are made up of parts
used in a multiplicity of combinations will find preferred numbers very
advantageous in the standardization of such parts.

In the case of mating parts, such as bolts, studs, rotating bodies,
ete., and the bore with which they are used, preferred numbers should
be used for the internal members, and for the bore of the holes only if
this can be done without economically handicapping results.

Application to Materials

Possible applications of preferred numbers to materials, hardware,
ete., are innumerable. If both finished and raw material dimensions
are involved, preferred numbers should be applied first to the finished
dimensions, and to the raw material dimensions only if this can be done
without economic waste.

Application to Interrelated Values :

(a) Values to be added or subtracted—Generally speaking, two pre-
ferred numbers when added or subtracted will not result in a sum or a
difference which is also a preferred number. This means that only two
of any three such interrelated values can be preferred numbers, and
in such cases preferred numbers should be applied to the more char-
acteristic of the numbers and the ones most essential for interchange-
ahility.

Tt often happens that two items which must differ {from cach other
by a small amount are subject to standardization, such as a device or
a part and the given space within which it is to be mounted, or possi-
bly a given part and the raw material from which it is to be manufac-
tured. In these cases it is often possible to standardize the finished de-
vice or part in line with one of the scries of preferred numbers having
large steps, such as the 10 serics, and to usc for the other dimension
the numbers of the 40 series direetly following those of the 10 serics,
or, if the numbers of the 40 scries give differences that arc too large,
to use the numbers of the 80 serics (Tables TIT and 1V).

At times two equal standardized values combine into another value
for which standardization is desirable. Unless exacl doubling is re-
quired, this can casily be done by means of preferred numbers beeause
cach preferred number when doubled gives, at least approximately,
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a preferred number. In the fractional series, each number when doubled
gives an exact preferred number and therefore the fractional series may
have to be resorted to where there is a necessity for exactness. (See
Table II.) '

(b) Values to be multiplied or divided—In the decimal series, the
multiplication or division of two preferred numbers gives approxi-
mately a preferred number. This is frequently of great assistance. In
many cases where two values and their product or quotient are all
subject to standardization, desirable results can be obtained if the two
values happen to be preferred numbers or can be chosen as such. In
square or rectangular areas, for instance, the areas will be preferred
numbers if preferred numbers are chosen for the sides. Even the area
of a circle will be a preferred number if the diameter is, because = very
closely approximates a preferred number. Again, in the case of an al-
ternator, for example, both the kilowatt and the kilovolt-ampere can
be preferred numbers if preferred numbers have been used for the
standardization of the power factors,

If it is impossible to have all factors preferred numbers, as may be
the case for instance in the unalterable specific weight of material, it is
impossible to have both the volume and the weight preferred numbers.
Here the more important value should be based on preferred numbers
but the other values then cannot be such, though they will at least fol-
low a geometric series.

Frequently the problem of standardization arises where certain de-
vices or parts interrelated to others are used in such a way that the
multiple of one device is operated by or used in conjunction with a
single other device. In these cases it is not always possible to follow
strictly a fundamental series for both types of devices, but a satisfac-
tory arrangement can nearly always be worked out by resorting to the
use of a supplementary series.

Rounding of Preferred Numbers

In standardization it may at times be desirable to use numbers that
are more rounded than those given in Table I. This practice should not
be followed by individuals or by smaller units, particularly where the
use of an exact number by one party and of a rounded number by an-
other would interfere with subsequent stan dardization and inter-
changeability. -

If national or international standardizing bodies feel that for cer-
tain specific purposes more rounded numbers are essential, the round-
ing should in all cases be in accordance with the national rule for
rounding.
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The International Standards Association, although in principle op-
posed to rounding, has indieated some rounded numbers to be used
when absolutely neeessary; this has been done so as to avoid different
rounding by various parties. The values suggested by the ISA are:

1.1 for 1.12 11 for 11.2
1.2 for 1.25 12 for 12.5
2.2 for 2.24 22 for 22.4
3.0 for 3.15 32 for 31.5
3.5 for 3.55 36 for 35.5
5.5 for 5.6 70 for 71
6 for 6.3 110 for 112
7 for7.1 220 for 224

These numbers, with two exceptions, are in accordance with the
adopted United States National rules for rounding.

Conversion of Inches to Centimelers

1t so happens that the conversion factor of 2.54 for changing inches
1o centimeters is approximately a preferred number. Therefore, when
converting inch values of the decimal preferred numbers systen into
metric units, the results will again be approximate preferred numbers
(within 1.6 per cent). This approximation in many cases is satisfac-
tory from a practical point of view. With the fractional system the dis-
erepancies are much greater (up to about 5 per cent) and therefore
standardization of linear dimensions that may become important
internationally should preferably be by the use of the decimal series
of preferred numbers.

Choice of Series and Size of Sleps

The choice of the particular series and the corresponding size of
step to be used will be governed by a number of factors, such as utility,
cconomy, interrelation of products and parts, performance, and the
like. If a small number of steps is used, it is necessary in many applica--
tions to use a size larger than actually needed for a particular case,
which in turn represents a certain amount of waste. If the cost of the
device increases but little with the size, that is, if the cost curve is
relatively flat, such waste will not be appreciable. On the other hand,
if the cost increases appreciably with the size, the use of too few steps
is contrary to economy.

Against this, the use of few sizes will result in economies in such
items as development costs, tools, setup costs during manufacture,
stockkeeping, obsolescence of stock, ecte., and if such costs are rela-
tively high, certain economics can be accomplished by using larger
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steps and a smaller number of sizes. The practical influence of the
costs mentioned is of course determined largely by the quantity manu-
factured, that is by the activity of the particular article. In other
words, with large production a great number of steps may be more
economical than in the case of low activity.

In addition to the previously mentioned factors entering into the
first cost of the device or material itself, other items of cost, such as
that for installation and the like, may be of importance. Again, the
size of steps may be influenced by considerations of performance, as,
for example, the efficiency of a machine or the accuracy of measure-
ment in the case of an instrument, Steps too large may result in un-
satisfactory or uneconomical operation due to the fact that the devices
would at times have to be used appreciably below their rated capacity.

All of these and numerous other factors will have to be taken into
account in determining which of the available series should be used for
any particular range of a given line. The best results will at times be
obtained with the steps possible with the basic series, but in other in-
stances some of the supplementary series may have to be resorted to.
Since many of these factors, such as activity, cost relations, ete., will
often change over the range of an entire line, it will naturally be neces-
sary to change from one series to another for different ranges of a line.

Supplementary Series

Supplementary series of preferred numbers can be obtained by us-
ing, for instance, every third step in the 5 series, every second step in
the 5 series, every third step in the 10 series, and so on. Such supple-
mentary series should preferably, though not necessarily, start with
one, going up and down. When starting with one, series shown in
Tables V and VI will result. Such supplementary series, together with
the basic series, result in the following possibilities:

Every 3rd step in the 5 series results in 3009 series
Every 2nd step in the 5 series results in 1509 series
Every 3rd step in the 10 series results in 1009, series
Lvery step in the 5 series results in 609 series
Every 3rd step in the 20 series results in 409, series
Bvery step in the 10 series results in 259, series
Every 3rd step in the 40 series results in 189, series
Bvery step in the 20 series results in 129 series
Every 3rd step in the 80 series results in 99 series
Lvery step in the 40 series results in = 69 serjes
Lvery step in the 80 series results in 39 series

(Percentages are approx.)
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With this flexibility in the size of steps it should be possible to meet
nearly every condition in practice and therefore there should be little
occasion to resort to other geometric series not composed of preferred
numbers. '

The series having 150 per cent steps is often advantageous in stand-
ardizing new products having small activity, where in the beginning
the 60 per cent steps of the 5 series are too small. By using the 150
per cent steps, the early conditions of development can be taken care
of, with the possibility of filling in the missing steps of the 5 series
later on when the activity increases.

The series having 100 per cent steps is suitable for quite a large
number of conditions arising in practice where for some reason or other
cach size should be approximately a multiple of any other size.

The series giving 40 per cent steps meets conditions at times en-
countered in connection with sheets of paper, metal, ete., where it is
desirable to cut smaller sizes by halving the larger sizes and at the same
time to maintain the same ratio between width and length in order to
facilitate photographic reductions of one size to another.

Caleulations Based on Preferred Numbers

As preferred numbers have been so selected that they form a geo-
metrical progression, any calculation based on such numbers becomes
greatly simplified.

Mechanical calculations are often complicated and lengthy, particu-
larly when they deal with parts of an irregular shape, as, for instance,
the determination of the section modulus, center of gravity, moment of
inertia, the cross section for figuring weights or similar values when the
outline of the section varies from any of the customary geometrical
shapes. If the factors of such an equation are preferred numbers, it is
often sufficient to carry this calculation through for one member of a
group of parts and then by means of a very simple calculation to arrive
at the proportions of other members differing from the first one by cer-
tain percentages. ’

If a line of electric motors has diameters and lengths of armatures
expressed in preferred numbers, it may be assumed that any work con-
nected with the surfaces of these armatures will progress by preferred
numbers; for example, time consumed for boring, turning, planing, or
painting such surfaces, compared with the time needed for the same
operation performed on an armature where the diameter and length are
based on another of the preferred numbers in the same geometrical
series. This process will also apply to the weight and the kilowatt out-
put of these armatures, : |
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Calculations Simplified by the Use of the Logarithms of Preferred Numbers

When preferred numbers are used as factors of an equation the
figuring becomes very simple by using logarithms, as the mantissas of
the Briggs’ logarithmic system are round figures (see table below).
When the logarithms of the factors of an equation are preferred num-
bers, the result will likewise be the logarithm of a preferred number and
the final number will be found readily in the table of mantissas.

Ezxamples

(a) Required—Circumferential speed (1) in feet per minute of a
pulley having a diameter (D) =8 inches, running at a speed (n) =800
revolutions per minute.

DXaXn

Formula: V =

12
iog V =log D + log = + log n — log 12
D=3 log D = 0.9
T = 3.14 (use 3.15) log 3.15 = 0.5
n = 300 logn =2.9
Use 11.8 for 12 log 11.8 = 1.075
logV=09405+29_ 1.075 = 3.225
V = 1700.

The exact result would be, V'=1675, differing less than 1.5 per cent
from a preferred number.,

(b) Required—Torque (T) of a motor with an output (P) of 16
kilowatts and a speed of 2000 revolutions per minute.

Formula: T (foot-pound) = 7040 5
n

log T = log 7040 - log P — log n
Use 7100 for 7040 log 7100 = 3.85

P =16 log P =1.2

n = 2000 log n = 3.3
log T =3.85+1.2 — 3.3=1.75

T = 56. ’

(¢) Layout of a line of motors With output (P) based on the 10
series of preferred numbers from 1¢ to 50 kilowatts, and speed (n) on
the 20 series from 2500 to 1120 revolutions per minute '
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P =kw n =rpm T =foot-pound T =foot-pound
Pref Pref Pref Calcu.frlgm %fDiffer.
ret. rei. : L ref. rom
No. Log No. Log o8 - No. 7040 n | Pref. No.
10 1.0 2500 3.40 3.854+1.0—3.40=1.45 28 28.2 0.71
12.5 1.1 2240 3.35 3.8541.1-3.35=1.60 40 39.3 1.8
16 1.2 2000 3.30 3.854+1.2-3.30=1.75 56 56.3 0.54
20 1.3 1800 3.25 3.8541.3—-3.25=1.90 80 78.3 2.1 °
25 1.4 1600 3.20 3.85+41.4—-3.20=2.05 112 110 1.8
31.5 1.5 1400 3.15 3.85-}—1.5-—-3.15:2.20 160 158 1.2 ;
+ 40 1.6 1250 3.10 3.854+1.6—-3.10=2.35 224 225 0.45
50 1.7 1120 3.05 3.8541.7-3.05=2.50 315 314 0.32

The result'(T) is found toibe part of the forty per cent supplemen-
tary scries, Table V.

Preferred No. Mantissa Preferred No. Mantissa
100 000 315 500
106 025 335 525
112 050 355 550
118 075 375 575 |
125 100 400 600
132 125 425 625
140 150 ' 450 650
150 175 475 0675
160 200 500 700
170 225 530 725
180 250 560 750
190 275 600 775
200 300 630 800
212 325 670 825
224 350 710 850
236 375 750 875
250 400 800 900
265 425 850 925
280 450 : 900 950
300 475 950 975

IMMEDIATE RADIO APPLICATIONS

It appears feasible to utilize preferred numbers in certain design
matters of importance in radio production or service. The following ex-
amples are given as suggestions. Toach must of course have thorough
and expert study to determine whether it can be introduced with ad-
vantage, whether partial utilization only is economic, or whether use
should await more favorable circumstances which may be brought
later by changes in some associated factors.

Tixed resistors offer a splendid opportunity for benefit from utiliza-
tion of preferred numbers. A large range of values is covered by these
devices as used in radio, and permissible tolerances are so large that
nominal ratings can readily be made by preferred number series. Choice
of series is influenced by the fact that these units are sold with differ-
ent standard tolerances, namely five, ten, and twenty per cent, and
there is a desire to have every unit manufactured, regardless of what
its value may be, fall into some standard size and tolerance. In other
words three serics are desired, with approximately five, ten, and twenty
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per cent steps. A number of additional practical considerations are be-
lieved important by those studying the matter, but it should be possi-
ble without much practical penalty of the moment, to secure the long
term ‘advantages of preferred number sizes which would accrue from
common standardization with other industries using resistors.

Other possible applications are fixed capacitors, electrolytic con- '
denser can sizes, tubing diameters, coil form diameters and lengths,
variable air condenser capacitance ratings, vacuum tube ratings,
variable resistor ratings, mounting hole dimensions, control knob di-
mensions, and values for test frequencies in standard tests.

It is believed that very considerable benefits and economies can be
had in industrial operations from the use of preferred numbers. The
degree of benefits realized will increase as more and more kinds of in-
dustry and supply sources utilize them. Inasmuch as it is not prac-
ticable, or even economical, to obtain widespread use quickly, and use
must grow gradually from small beginnings, it is recommended that
opportunities for beginnings be not overlooked but on the contrary
‘be sought, in order that growth may be encouraged.

It must be understood clearly, however, that choice of a random
geometric series is not use of preferred numbers. The benefits to be de-
rived come from use of the same series by many designers and pro-
ducers, which means that choices must be made from the fundamental
preferred numbers series shown in the tables appended to this report,
or related ones derived therefrom.

CoNcLusION

Standardization of any kind is justified only if it brings about econo-
mies or other advantages and if it does not unduly interfere with prog-
ress. Vast economies could be accomplished by a great deal more
standardization, but with the usual processes of arriving at standards
so much time is consumed that the full value of such possible economies
is never obtained. On the other hand, the instances where standardiza-
tion has interfered with progress are extremely rare. These statements
fully apply to standardization by preferred numbers, which should be
used to a much greater extent than they have been in the past. They
not only offer an excellent tool for working out standardizations, but
their frequent and liberal use will materially speed up the establish-
ment of standardizations. One reason why this useful tool, which in
[itself is so simple that it can be understood by a child in the fourth or
fifth grade or by any laborer of ordinary intelligence, has not been used
to a greater extent, is that it has been shrouded with a good deal of
mystery by many mathematica] discussions, by curves on logarithmic
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paper, long drawn-out arguments on the merits of different systems, and
the like. The reason why the engincering profession as a whole has not
taken more interest in the system is that it and its utter simplicity have
not been sufficiently advertised.

It cannot be emphasized loo strongly that preferred numbers should be
used very cxtensively but that considerations of utilily, economics, and,
above all, common sensc should govern their application. In most cases the
use of these numbers s an extremely simple procedure, and cven where mat-
ters are somewhat tnvolved it 1s usually not very difficult to find advanta-

geous applications of the system.

AprreEnDIX I

German standard sheet DIN VDE 1525
Broadeast apparatus—knobs without scale

v
(]1/ ; “ 1 InlstCad of setscrews,
[ e other screws accord-
# LLL /S& { + ing to DIN standards
S e v may be used. The
l /_] < screws must be en-
A | tirely embedded.

Designation of knob without scale, with a diameter D=25 millimeters: knob
25 VDI 1525.

3

Knob

Diameter Depth Bore d h
Dt t Fit g2

162
202
25
32
S 17 6
40
50

10 3

Dimensions not given may be freely chosen.
1 For polygon knobs, D indicates diameter of circumscribed circle.

2 For fine adjustment.
_ For knobs with scale, see DIN VDIE 1526.

ApreEnDIx 11

Method of “Rounding Off” Decimal Values

When a decimal value is to be rounded off fo a lesser number of
places than the total number available, the procedure should be as fol-
lows:
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(a) When the figure next beyond the last figure to be retained is
less than 5, the last figure retained should not be changed.

Example—1.12, if cut to one place, should be 1.1.

(b) When the figures beyond the last place to be retained amount
to more than 5 in the next place beyond that to be retained, the last
figure retained should be increased by 1.

Example—2.36, if cut to one place, should be 2.4.

(c) When the figure next beyond the last place to be retained is
exactly 5, with only zeros beyond, the last figure retained, if even,
should be unchanged; if odd, it should be increased by 1. This means
that the last figure retained is always an even figure. '

Example—4.25, if cut to one place, should be 4.2.
3.15, if cut to one place, should be 3.2.

(This method of rounding off even fives results, in the long run, in the
same number of values being raised as are lowered, and thus the aver-
age value is correct, whereas if the even five were always retained or
always discarded, the final value, in the long run, would be too large
or too small.)

(d) For some applications, where the standard series prove entirely
undesirable from the viewpoint of standard raw materials or special
design features in accordance with the above, roundings may be used
as follow:

In the 10 series, 31.5 may be rounded to 32
In the 20 and 40 series, 11.2 may be rounded to 11
22.4 may be rounded to 22
31.5 may be rounded to 32
35.5 may be rounded to 36
In addition, it is standard that

In the 20 and 40 series, 71 may be rounded to 70.
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A NEW TYPE OF GAS-FILLED AMPLIFIER TUBE*

By

James D. LeVAN anp Pauvrn T. WEEks
(Raytheon Production Corporation, Newton, Mass.)

Summary—The Raytheon Laboratories have had under development for sev-
eral years a gas- or vapor-filled amplifier tube. This paper describes the general
Jeatures of this type of tube and gives the detailed characteristics of some typical de-
signs. : '
A distinctive feature of these gas-filled tubes is the introduction of an auziliary
grid-form electrode which serves as the anode for an ionizing discharge and al the
same time as a cathode for the main electron stream which is controlled in the same
manner as in an ordinary high vacuum tube. Due to the close spacing of the main
elecirodes and the relatively low gas or vapor pressure employed, the main electron
stream or plate current can be continuously controlled by the voltage applied to the
control grid, increasing as the negaiive bias on the conirol grid is decreased and de-
creasing to culoff as the grid bias is made more negative. Within the voltage limits
of each particular design of tube the presence of gas ions belween the main elecirodes
only serves to neutralize partially the space charge, the general form of the characteris-
tics being the same as for high vacuum tubes. The plate resistance however is char-
actertstically low and the mutual conductance much higher than in high vacuum
tubes of comparable size. Because of the low space-charge characteristic it also fcl-
lows that high values of plate current and muiual conductance may be oblained at
relatively low values of plate voltage, although normal characteristics are also ob-
tatned with plate voltages of several hundred volis.

This type of tube may be designed for use as a low-frequency or high-frequency
amplifier or oscillator and as a triode or screen-grid telrode. It has been made in
sizes from a few watts to 50 wails rating, and has been used as an ultra-high-fre-
quency oscillator delivering 20 wails at 100 megacycles.

ONSIDERABLE work has been done in the past few years in
several laboratories on the general problem of developing a
gas-filled amplifier tube. Among those working in this field have

been Lubcke,! Schottky, Nienhold,?2 Seibt, Bley,and Hund.3 The general
problem of controlling arc and glow discharges has also been under
investigation in the Raytheon Laboratories for 1 number of years and
some practical forms of gas-filled amplifiers have been developed
which involve some important features not previously described. The
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purpose of this paper is to report on the results of some of these inves-
tigations, and in particulat to describe the general features and give
detailed characterisitics of some of these tubes.

It has been felt from the beginning that gas-filled tubes mlght have
certain advantages over high vacuum tubes, such as (1) lower imped-
ance, (2) higher mutual conductance, and (3) higher cathode effi-
ciencies. Our results show that these advantages can be obtained.
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Fig. 1—1Xnd view of element str uctme
Fig. 2—Typical circuit for RK-100 tube.
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One of the distinetive features of these gas-filled tubes is the intro-
duction of an auxiliary grid which acts as an anode for an arc discharge
~and at the same time as a “virtual” cathode for the main electron
stream to the plate, which is controlled by a control grid as in an or-
dinary high vacuum tube.

An end view of the element structure is shown in Fig. 1 and a typi-
cal circuit in Fig. 2. As shown in Tig. 1, the “virtual” cathode or “cath-
anode” and the grid are placed very necar the plate. The resulting short
clectron paths, together with the small grid openings used (30 to 60
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Figs. 3 and 4—TField in RIC-100.

mesh) and the low gas pressure prevent cumulative ionization between
@, and the plate. Enough positive ions are formed, however, to neu-
tralize partially the space charge. These factors all combine to give a
- tube of low plate impedance and high mutual conductance and make
the tube particularly useful on low plate voltages. However, as we
shall later show, tubes of very high plate impedance can also be made.

The principle of operation of these tubes might be better under-
stood by comparing them with the common grid-controlled mercury
vapor rectifiers? (Fig. 3). Here the grid acts as a kind of trigger, either

4+ A, W. Hull and I. Langmuir, “Control of an arc discharge by means of a
grid,” Proc. Nat. Acad. Sci., vol. 51, pp. 218-225, (1929).
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allowing maximum current to flow or none at all. The grid is immersed
in a space filled with electrons and positive ions in nearly equal num-
bers, and when negative, positive ions will be attracted to it, forming
a definite sheath around the grid. The thicknes of this sheath (z) can
be determined from Child’s space-charge equation, which when solved
for z, gives :

z = 0.622 X 10

T78/4
cm
1/2

“

where,
V = grid potential with respect to space just outside sheath

I = grid current in amperes per square centimeter.
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With —10 volts on the grid and a current of 10 milliamperes per square
centimeter flowing, this gives a sheath thickness of 0.0035 centimeter,
which is very small compared to the openings in the usual grid. This
thin sheath will, however, contain the entire voltage drop due to the
grid and thus keep the grid from influencing electrons beyond the outer
boundary of the sheath. Thus the region filled with highly ionized gas-
will project through the grid into the plate region,

I'rom the space-charge equation it is apparent that the thickness
of the positive ion sheath can be increased by decréasing the positive
ion current to the grid. This can be done by shielding the grid from the
highly ionized gas—as is done by Gy in Tig. 1. In.this way the sheath
thickness can theoretically be inereased until it extends beyond the
adjacent elements, in which case, of course, no complete sheath really
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exists, and we get a picture somewhat like Fig. 4, which gives an idea
of what the equipotential lines might be like. The control grid (Ge) is
thus enabled to control the shiclded space between Gy and the plate.
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Fig. 7-——RK-100 grid characteristics.
E;=06.3 volts, I;=0.9 ampere, /=150 milliamperes.

The characteristics of one type of tube (RIC-100), with regard to
the various parameters, are shown by Figs. 5 to 9 inclusive. This tube
contains mercury vapor and was designed for 110-volt operation. Iigs.
5 and 6 show the plate families for arc currents of 150 and 250 milliam-
peres. With 100 volts on the plate, 2.5 volts negative bias on the grid
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(G2), and an arc current of 150 milliamperes (to Gh), the amplification
factor is approximately 50 and the mutual conductance 12,000 mi-
cromhos. With an arc current of 250 milliamperes the mutual conduct-
ance is increased to over 20,000 micromhos. The characteristics of these
mercury-vapor tubes vary somewhat with temperature but this varia-
tion will be no material disadvantage in most applications. Tubes con-
taining fixed gases, such as argon, have been made with similar char-
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acteristics and are independent of the temperature. Fig, 7 shows the
grid characteristics for an'are current of 150 milliamperes and for plate
voltages of 100, 200, and 300. While the grid draws current at all times,
the operation in practical circuits is similar to that in eonventional
vacuum tubes. The grid impedance is reasonably high for negative
values but decreases as the grid becomes positive.

Figs. 8 and 9 show push-pull output and distortion characteristics
as a function of load resistance and input voltage for a plate supply of
110 volts and are currents of 150 and 250 milliamperes per tube. Fig.

8 shows a maximum output of 9.5 watts with 7.5 per cent third har-
monic and an input of 14 volts,
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The characteristics of an experimental mercury-vapor tube, type
KQ, designed to operate at very low plate voltages are shown by Figs.
10, 11, 12, and 13. Fig. 10 shows two plate families, for arc currents
(Ix) of 150 and 250 milliamperes. The load line for 32 volts on the
plate shows an output of 0.9 watt with 230 ohms load. With a plate
voltage of 32 volts and an arc current of 250 milliamperes the amplifica-
- tion factor is about 9 and the mutual conductance 32,500 micromhos.
Fig. 11 shows the output characteristics with a type 48 pentode used
as a driver with 32 volts on the screen grid and plate. The cathanodes
(G) were also supplied from the 32-volt source with a resistor in series
to limit the current to 250 milliamperes per tube. The optimum load
resistance was used for each value of grid bias and a resistance (R,) of
150 ohms with 25 microfarads across it was connected in series with

PUSH-PULL OUTPUT & DISTORTION CHAPACTERISTICS
1% TYPE k@
£Ec=-88Y
Ep =110Y
e S0 —— Iﬁ=/501w7
#, = goot
” —
S LT
o =z
¥ » %
§ Bg § =l 5
5 Q
§ 3 3 ] o
/5§ b0 300 = <5,
£ 3 |
S g 3 ( |
P I = ) L
~ T
5§ z ]
g //
0 o 7 2 3 4 5 & 272 @8 9o ]
Epc VOLTS RMS GRID 70 GRID :
Fig. 13

each grid. A maximum output of two watts is obtained with 12 per cent
third harmonic. A part of this distortion is due to the driving tube.
The same characteristics are shown in Fig. 12 but with the type 48
driver connected as a triode; i.e., with the screen grid connected to the
plate. The optimum load resistance was constant at 600 ohms for these
curves. Fig. 13 shows a maximum output of 14 watts with a plate volt-
age of 110 volts, an arc current of 150 milliamperes, and an input volt-
age of 13 volts. For 110-volt operation this particular type is getting
near the point of instability due to the sharp turning up of the plate-
current characteristics, which in turn is caused by the ionization be-
tween (1 and the plate increasing to a high value. Th(e stability of this
type increases with decreasing plate current,

When a screen electrode is incorporated in these gas-filled amplifier
tubes in the same manner as in a vacuum tube the effect on the char-
acteristics is similar to the effect in vacuum tubes, as would be ex-
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pected. Fig. 14 shows the plate family of a mercury-vapor tube of this
type connceted as a tetrode. With a plate voltage of 200 volts and a

L—— 32 5aa
30
28— e { - _—
PLATE CHARACTERISTICS
TYPE KB ASTETROLE
2@ —f— = I, = 160418
[s) £aar 57
)5 L]
20 et e : ¥ (T ==
I T T v
. —
16 o ,,,/,~ o o apeszseoon L 4
3 G ® 7900
.
g
2§ —— —— e
N - L e
o L
] —
8 g — —
| e
L
< { —1"
———— | |
L’_ | oe-e
N — I
P Vel K0 F[ﬂf[/mi'OLrﬁ rgee pP-ted 200 J20
Fig. 14
16
porem
./
/
Eer<0 L—""]
14
”
PLATE CHARACTERISTICS
TYPE KB WITHGPOUNDED SCREEN
174 ourPuT Epoil”
I = 160MA
&30
o T
I B
< — | ___<,_(J—- oo
s N AP = 3000002
% /’ Gm * 3500 .
Py
@
&
N
&Y oY
¢ / L
N ["
&
-8
—
, . --gY
‘;/ - S FLATE yOULTS
, 720 %0 200 2460 280 320
® Fig. 15

grid bias of —2 volts the amplification factor is 925, the plate resistance
125,000 ohms, and the mutual conductance 7400 micromhos. Fig. 15
shows the plate family with the screen grid connected to the cathode
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as a suppressor grid. With a plate voltage of 200 volts and a grid bias
of —1 volt the amplification factor is 1050, the plate resistance 300,000
ohms, and the mutual conductance 3500. Fig. 16 shows the control grid
characteristic of type IXB as a tetrode for an are current (/) of 160
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milliamperes. The curve for E, =200 volts is essentially the same as for
100 volts. It is interesting to note that the grid-current change with
respect to plate voltage below 100 volts is the reverse of that in the
RXK-100 and vacuum tubes. However, attention is called to the fact

Fig, 17

that in tubes of this type the interelectrode capacities are several times
those of comparable high vacuum tubes. These high capacities can be
reduced considerably but for some applications especially designed
circuits may be needed to realize the full possibilities of such tubes.
Tig. 17 shows how a highly efficient heat-shiclded cathode may be




LeVan and Weeks: Gas-Filled Amplifier Tube 189

used in such tubes to obtain high emission limits. Such a cathode may
~ easily be designed to give ten times the emitting area of the common
type of cylindrical cathode and with no more energy consumption.
The presence of the arc current between the cathode and G; makes it
possible to locate the cathode at one end of the cylindrical structure
and still obtain the full benefit of the large clectron emitting area.
Turthermore, the other elements are not heated as much by the cath-
ode radiation as if it were centrally located.

The general types of tubes discussed in this paper have been used
in self-excited Hartley oscillator circuits giving outputs around twenty
watts with a plate voltage of 110 volts and at frequencies from 150 to
four megacycles. The plate efficiency is around thirty per cent at 2.6
meters with a plate voltage of 200 volts and an output of twenty watts.
At lower frequencies the efficiencies are higher; at thirty kilocycles one
push-pull amplifier operating at 115 volts, class C, and giving forty
watts output gave an over-all efficiency (including all arc and filament
. Josses but no external resistor losses) of approximately seventy-five
per cent. Tubes have been made which give 500 watts output on 110
volts. As high as 500 volts or so may be used on the plates, but such
~ potentials exceed the present ratings of the tubes.
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SOME ENGINEERING AND ECONOMIC ASPECTS OF
RADIO BROADCAST COVERAGE*

By
GLENN D. GILLETT AND MARCY EAGER
(Glenn D. Gillett, Inc., Washington, D. C.)

Summary—The resulls of a quantitative study of the magjor factors affecting
radio broadcast coverage are given for a frequency range from 200 to 2000 kilocycles
and for lransmission condilions covering the range normally experienced in the
Uniled States

The effects of terrain, frequency, and antenna design in limiting the mazimum
nightiime service range of broadcast stations are discussed and il is shown that these
limits are independent of the station power. The effect of terrain and frequency on
the power required to deliver a 0.5-microvolt per meter signal at different distances is
then shown in a series of curves, and the effect of atmospheric noise and interference
considered.

The economic aspects of this coverage are next considered and the power per
square mile required is shown and the tolal costs and costs per square mile are given
for the same paramelers as before. The economic aspects of the proper balance be-
lween lransmitler and antenna costs are considered and curves given for the frequency
range considered.

These studies show that it is economically unsound {o atlempt to cover large
areas from a single station under unfavorable transmission conditions; i.e., high fre-
quencies and high absorption. Also that for limited service areas the use of these high
Jrequencies imposes no material hardships and that the lower frequencies should be
reserved for stations of national and regional coverage while the lowest frequencies
such as are now in use for broadcasting abroad are primarily suitable only for super-
power stations of national coverage.

ONG experience in making field strength surveys of radio broad-
L cast stations situated throughout the United States has sharply
emphasized the desirability of undertaking a broad study to de-
termine quantitatively the factors affecting broadcast coverage and
their reaction on its economic aspects. In order to make the work more
complete; the frequency range considered has been extended beyond
the present broadcast band to include not only the low-frequency chan-
nels now in use abroad, and which have been considered for use here,
but also the higher frequencies which have been suggested as offering
a possible means of widening the broadeast band. The range of fre-
quencies considered in this study comprises the band between 200 and
2000 kilocycles. The availability of the individual frequencies within
this band for broadcast purposes has not been considered and the study

* Decimal classification: R270 X R113.7 Original m i i 7 tl
Institute, March 30, 1934; revised manuscript Igeceivegﬁl;rsg}rltepfnrsetci%‘;id })31; ée
iggi Presented before Ninth Annual Convention, Philadelphia, Pa., May 28,’
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has heen confined to the consideration of the technieal and cconomie
aspeets of the problem,

Three major factors determining the coverage of a radio broadeast
station are ground conduetivity, frequeney, and power, The first iz, of
course, fixed for any given area and like the weather, while neh dis-
cussed, nothing ean be done about it. The second factor, frequency,
must be considered not only in relation to its eficet on attenuation bt
also in its relation to the intensity of static sinee we are concerned
ultimately with the signal-to-neise ratio as well as the absolute sivnal
strength received, An cconomie factor is interposed by the third since
it, costs more to radiate a given amount of power ax the frequeney de-
erenses sinee the anfenna strueture for a given eflicieney must be pro-
portionately larger. Also, sinee the loss inefliciencey may be balaneed by
an inereasge in transmitter power, the relation between transmitter cost
and power output must be considered. Finally, the population density
in a eiven aren materially affeets how mueh it is cconomieally justifi-
able to spend in rendering a broadeast serviee {o that area.

In making these studies it has been necessary to make certain fun-
damental assumptions in order to afford a quantitative basis of com-
parison. In considering the factors Hiniting the maximum gerviee range
of a station, it has been assumed that the limit of the daytime range was
where the signal dropped to an intensity of O.5-microvoll per meter, a
value that has been generally aceepted as rensonable. Sinee we are
ultimately interested in the signal-to-noise ratio and sinee in the sum-
mertime the interference due to statie becomes serious in most parts of
the United States, we have also worked out the power required to give
a constant signal-to-noise ratio for the various ground conductivities
and frequencies considered. Careful investigations have shown that the
intensity of this interference from static varies approximately as the
inverse of the frequency. In order to get a basis of comparison it was
assumed that a signal intensity of 0.5-mierovolt per meter at 750 kilo-
ceveles would afford a satisfactory signal-to-noise ratio. This is in accord
with the findings of the Dellinger report. The range of ground condue-
tivity or attenuation used in these studies was based on the values
determined by the engineering staff of the Federal Communications
Commission to exist in the various sections of the United States as
shown by their accumulated mass of transmission data. The radiating
efficiency of the antenna system was assumed to be equal to that of a
quarter-wave antenna with a good ground for the frequency under
consideration.

In Fig. 1 there is shown the winter service range (0.5-microvolt per
meter) for a radiated power of one kilowatt for a ground conductivity
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range of e=2X10" to ¢=3X 10~ and a frequency range from 200
to 2000 kilocyeles. It will be noted that the effect of ground conductiv-
ity is much more marked at the higher frequencies than at the low.
The power required to render a service at different distances has
been computed for the range of frequencies and ground conductivities
given above. The results of these studies are given in Figs. 2 and 3
which show the variations in radiated power required to serve any
given distance for a number of discrete frequencies and ground con-
ductivities for both winter and summer conditions; i.e., 0.5-microvolt
meter limit and constant signal-to-noise ratio on the left and right,
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Fig. 1—Service range vs. ground conductivity and frequency for one kilowatt
. radiated and 0.5-microvolt per meter limit.

respectively. In the upper half of Fig. 2, the curves have been plotted
for a ground conductivity of ¢=23 %1012 corresponding to conditions
in Texas, while in the lower half the ground conductivity is ¢ =10-12
corresponding to conditions in Ohio and the middle west. In Fig. 3,
the conductivities of ¢=4X10- and 2 10-1 for the top and bottom
halves correspond to transmission conditions in Southeastern United
States and New England, respectively. |
- It will be noted that the variation in coverage with frequency and
terrain is tremendous. Thus in the wintertime in Texas a radiated
power of but eight kilowatts on 200 kiloeyeles will serve a cirele 1000
miles in diameter while in New England the same power on the same
frequency will serve a circle but 380 miles in diameter and on 2000 kilo-
cycles a circle only thirty-six miles in diameter. However. in the sum-
mertime when the relatively higher interference levels pr,esent on the
lower frequencies tend to obscure the program, conditions are mark-
edly different. Here the higher frequencies are more efficient for mod-
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erate service ranges. In Texas the relatively low absorption does not
overcome the handicap of the higher interference levels for serviee
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Fig. 2—Radiated power vs. service range for 0.5-microvolt per meter limit (left),
and for constant signal-to-noise ratio (right) for conductivities of
=3 X10"1 (Texas) and ¢ =10"1 (Ohio) for quarter-wave antenna.

ranges of less than about fifty miles while in New England, due to the

high absorption, the higher frequencies hold their advantage only for
service ranges of ten to fifteen miles. It is also interesting to note that
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regardless of attenuation this advantage obtains only for stations
of about a hundred watts power or less. These curves also bring out
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very forcefully, particularly at the higher frequencies and in the ter-
rains of high absorption, the fact that very small increases in service
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range are obtained for relatively large increases in power. For example,
doubling the power at 1000 kilocycles results in an increase in service
range of 10 per cent or less.
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Sinee we are concerned not only with the total power but the power
per unit arca the curves in Figs. 4 and 5 were plotted to show the
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variation in watts per square mile of service area for the same condi-
tions as before. Here again it can be seen that in the winter the lower

10 7 T T T 10 A A
/ // // I // Ty // // //» // .
Ll [ 1] LYY
§zs‘=’/ [/ glsllsl /
10 & - 1.0 SIS ST,
S Ve e
S Sf o /_lo 5 ,§ &
WA Y[/ A /)Y bk s
= ShS /2 '
@ S, @
5 / AR /
o o
7 01 7 i . T&? ool i 7
g g =
A 7
2 / /11 2 =74
E = 144/
p i i
I p[’
01 01 Z
1A e . l.-14 ‘ 'g-14
- = 0=4x10 — G=4x107* | |
| e 05" Bk
W | | |
L ol HilN
10 50 100 500 10 50 100 500
Service Range - Miles Service Range - Miles
10 i I 10 : 7 '
[ 1] / H — TANT /I / /
[ <o ] | :
of X1 o ef o
81815 <) 1)l 158 of |
VAR KA DA n SIS e S e sre /=
N d 1201 8 < A ST RS
10 f—H— SIS 10 (-
— /I 1S q AT R RTARiEY -
. [ . imi
£ / 2 _)
g —4 — e
s /] =
& 01 f 5 /]
P AN W 1 lf’_ 0.1 7
& /1717 y 71‘___ z / E?‘
%3 - . ©»n [~
: (7 T1THE HAA
i |
[z e -
o L~ B T N N
= g=2x107¢ — G-2x107% |
iy 0.5m Ef=K
!
001 _] , 001 ,
10 50 100 500 710 50 100 500
Service Range - Miles Service Range - Miles

Fig. 5—Watts per square mile vs. service range.for 0.5-microvolt per meter
limit (left) and for constant signal-to-noise ratio (right) for conductivities of
o =4X10"" (Virginia) and ¢ =2 X 1014 (New England) for quarter-wave an-
tenna.

frequencies always have the advantage though in the summertime for
moderate ranges the conditions are reversed.
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Through the kindness of Raymond Guy of the National Broadeast-
ing Company and 1. V. Akerberg of the Columbia Broadeasting Sys-
tol'n, the approximate annual operating costs of various powered
stations were obtained. Using the actual costs thus obtained, the total
annual operating cost for any given power was determined, and the
preceding curves replotted in Figs. 6 and 7 in terms of the total annual
operating cost involved for any siven service range for the different
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Fig. 6—Total annual operating cost vs. service range for 0.5-microvolt per meter
limit (left) and constant signal-to-noise ratio (right) for conductivities of
o =3X10"1 (Texas) and for o =107% (Ohio) for quarter-wave antenna.

frequencies and conductivities considered before. It will be noted that
in Texas in the wintertime a circle one thousand miles in diameter can
be served at an operating cost of but eighty thousand dollars a year,
while in the middle west the cost would be approximately a hundred
and forty thousand dollars a year, in the southeast about five hundred
thousand dollars, and in New England approximately two million
dollars a year. Obviously the last figures approach economic absurdity,
yet in the summertime the costs for the same service range on the low
frequencies would be much higher. It will also be seen that for moder-
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ate service ranges the higher frequencies are the most economical in
the summertime. A

Finally the annual cost per square mile of area served was deter-
mined for the same conditions and the results plotted in I igs. 8 and
9. Here it is emphasized that in areas of low attenuation such as Texas
and Ohio the maximum economy is reached through serving large
areas with high power on as low a frequency as possible, the optimum
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distance for the lowest frequencies being in the order of five hundred
miles or greater. Even in New England if the lowest frequencies were
available it would be economically justifiable and desirable to serve
areas only up to three to four hundred miles in diameter from a single
station. -

However on the higher frequencies in the areas of high attenuation
the most economical range is both sharply defined and markedly
limited so that any attempt to extend the coverage of a station beyond
this limit in these areas by a mere brute force increase of power, be-
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comes extremely costly and economically prohibitive before any ma-
terial increase in range can be obtained.

Further it is quite important to note that for any given terrain
there is, for each frequency, a definite service for optimum economy
and that this is not materially different for summer and winter condi-
tions. It is of course inevitable that the optimum service range should
decrease rapidly as the absorption of the terrain increases and that
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the cost per unit area should be highest in the areas of highest absorp-
tion. The absorption in transmission is essentially a matter of com-
pound interest in which a certain pereentage of the energy transmitted
is absorbed per unit distance traversed. The magnitude of the amount
of energy absorbed per unit distance depends directly upon the terrain
and the frequency and varies between wide limits. In Texas for in-
stance in the frequency range considered here the energy absorbed in
transmission ranges from 0.4 to 8 per cent while for New England the
range is from 2 to 37 per cent per mile. The problem of broadcast
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distribution is essentially merely the balancing of high transportation
costs against the economies aceruing from volume production in larger
units. Certainly no ice man faced with the fact that a third of his load
would melt away for every mile traversed from the ice plant, would
attempt to make any very distant deliveries, no matter how large the
load with which he could start or how cheaply it could be produced,
whereas if the loss per mile was but a fraction of a per cent, deliveries
could economically be made over considerable distances.
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Ultimately the final economic question is the cost per capita or
receiving set served but this cannot be determined without a detailed
study of the specific conditions involved in each case. It is interesting
to note that in general the highest attenuation areas are usually those
of the highest population density and thag vice versa the lowest atten-
uation areas such as Texas and the western plains are usually but
sparsely settled. Specifically the population density in Texas is twenty-
two people per square mile, while in Ohio and Massachusetts it is 163
and 528 people per square mile, respectively. Thus the cost per capita
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in some cases may even be less in the high than in the lower attenuation -
arcas and in general the cost per capita will tend to be much more
nearly equal than the costs per square mile shown here. Since also the
purchasing power per unit area tends to be highest in the high popula- -
tion density areas, the coverage in such areas may have a correspond-
ingly high value per unit area.

From a study of these curves, it becomes clear that the use of the
higher frequencies for local service is fully justified from both an engi-
neering and economic viewpoint, though the handicap of terrain should
be minimized so far as possible by the use of higher frequencies in the
lower attenuation areas and the lower frequencies in the areas of high-
ost attenuation. These curves show also that the superpowered stations
for serving great areas are probably justifiable on only the lowest
frequencies and that they are most beneficial in the central plains
country where extreme coverage is most needed. This is fortunate since
the cost of an antenna structure of maximum efficiency and service

! range is justifiable on the lowest frequencies only for stations of ex-

treme power. A

In all the preceding curves the costs have been computed for a
station using a quarter-wave antenna. The use of a half-wave antenna
will increase the radiation in the ground plane by an amount equivalent
to approximately a sixty-five per cent increase in power. Since the cost
of the station operation increases as about the two-fifths power of the
station power for stations of the usual size, it works out that an annual
expenditure of some twenty-five per cent of the total operating cost
can be justified for increasing the antenna from a quarter- to a half-
wave height. Thus a total capital expenditurc of approximately one
third the total transmitter cost may justifiably be made to securc a
hali-wave antenna. Since the cost of such an antenna increascs approx-
imately inversely as the square of the frequency, the use of a half-wave
antenna structure for the lowest frequencies is prohibitive cxcept for
stations of extreme power. The approximate installed cost of such
antennas versus frequency has been plotted in Tig. 10. Alongside the
curve has also been noted the minimum frequency for which it is pos-
sible to justify cconomically a half-wave antenna for the power indi-
cated. Tn many cases the added coverage obtained through the re-
duction in the nighttime fading may well justily it at even lower
frequencics.

This is due to the fact that for all the high powered stations opera-
ting on individual channels as well as for many regional stations
operating on shared channels withoul undue interference, the night-
time service range of a station is limited by fading and the concomi-
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“tant distortion and quality impairment of the receiving program which
are caused by the interference between the ground and sky waves. It
is interesting to consider the mechanism of this phenomenon.-

Any simple antenna system suitable for broadeast purposes radiates
energy not only in all directions about it in the ground plane but also
in all directions in the vertical plane except the zenith. The distribution
of the energy radiated in the vertical plane depends on the antenna
conformation and the ground conditions. In the daytime nearly all
of the energy radiated at an angle to the ground is absorbed in the
upper atmosphere and lost except at great distances oytside the scope
of this study, so that in the daytime it is only the energy radiated
parallel to the ground which performs any useful funetion; i.e., the
so-called ‘“‘ground wave.”
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Fig. 10—Total installed cost for half-wave radiator vs. frequency. Frequencies
and powers where additional cost over quarter-wave radiator can econom-
ically be justified are indicated on the curve.

At nighttime an ionized layer which forms in the upper atmosphere
after sundown reflects a portion of the energy radiated at an angle to
the ground and returns it to the earth’s surface. The wave radiated at
the higher angles is reflected back to the ground quite near the trans-
mitter but since the intensity of the signal so radiated is usually low
and the intensity of the direct signal radiated along the ground is
high, the effect of the reflected sky wave adjacent to the station is not
ordinarily noticeable. However, the intensity of the wave radiated at
any angle increases markedly as the angle is decreased and it is re-
turned to the ground at increasing distances from the transmitter
where the intensity of the direct wave has been greatly attenuated so
that the sky wave rapidly becomes more important. A point is soon
reached where the sky wave approaches the ground wave in intensity
and severe fading results. This is due to the fact that the reflecting
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" Jayer is unstable in height so that the length of the path traversed by

- the sky wave is constantly varying, hence the sky wave is continually
. shifting in and out of phase with the ground wave arriving at any
- point. The two waves add in turn to produce a loud signal and then

cancel out to produce a weak signal so that the wide variations in
signal intensity, known as fading, result.

Since the difference in the length of the paths traversed by the sky
and ground waves is great and since each individual frequency com-
ponent in the side bands differs from the others in wavelength, each
component will differ in phase relative to the others and certain com-
ponents will arrive in phase while other components are out of phase.
This causes certain frequencies or frequency groups in the received
program to appear unnaturally loud at the same time that others are
eliminated, causing distortion in the received program which may be
most distressing to the listener.

As the distance from the transmitter increases further, the ground
wave disappears while the intensity of the sky wave radiated at rela-
tively low angles from the antenna is still considerable. Here the rapid
fading and quality impairment due to the interference between the
ground and sky wave is absent and the program may be received with
some satisfaction. This condition may exist over very considerable
distances remote from a high power transmitter.

However the amount of energy in the sky wave fluctuates widely
due to solar and terrestrial forces beyond our control and any reception
involving the sky wave must be of a variable character and unreliable.
It has been customary on this account to regard this secondary area
served only by the sky wave as of limited commercial value and to
consider the limit of the nighttime service range of a station to be
where the sky wave becomes relatively strong enough to cause objec-
tionable fading and quality impairment of the received program.

Briefly then, the daytime range is limited only by the amount of
power which can be radiated in the ground plane while the maximum
nighttime range is independent of the power radiated and is a function
only of the ground-wave attenuation and the relative strength of the
sky wave, which in turn is dependent on the antenna design.

Thus it is that the use of the half-wave vertical antenna in place
of the more ordinary antenna of approximately quarter-wave form is
very effective ininereasing both the daytime and the nighttime service
range of o station since it radiates more of the total energy in the
eround planc and less al high angles so that the strength of the ground
wave is inereased and that, of the near-by sky wave materially reduced.

In computing the sky wave, the assumptions originally promul-
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gated by Eckersley! have been used;i.e., the sky wave is reflected with
eighty per cent loss; the angle of reflection is equal to the angle of
incidence; the signal strength is inversely proportional to the distance
along the path traversed by the wave; the intensity of the signal
induced in a simple receiving antenna is proportional to the cosine of
the angle between the path of the wave and the ground; and the
strength of the signal radiated at each angle is computed for the specific
antenna used. The limit in the nighttime service yange of a station as
imposed by fading has been assumed to be where the sky wave is half
as strong as the ground wave; i.e., a ratio of six decibels. Experience
has shown this to be a reasonable limiting value. It is recognized that
these assumptions can but represent the average conditions for a
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Fig. 11—Maximum nighttime fading-free range for half- and quarter-wave
antennas.

phenomenon which varies over rather wide limits but they do yield
results in accord with experience.

Using these assumptions the maximum fading-free range for a sta-
tion using first a quarter-wave and then a half-wave antenna, was
computed for the various frequencies and ground conductivities con-
sidered above. Curves to show the results of this work have been
plotted in-Fig. 11. It will be seen that the use of the half-wave antenna
is most beneficial at the higher frequencies, especially in the areas of
. higher attenuation. This is due to the ground wave being so rapidly
attenuated that the sky wave, even though partially-absorbed in reflec-
tion and traveling over a much longer path, quickly approaches the
ground wave in strength. On the lower frequencies, especially in areas
of low attenuation, the ground wave suffers so little attenuation that

1 P. P. Iickersley, “The calculation of the service area of broadcast stations,”
Proc. LL.R.E., vol. 18, pp. 1160-1193; July, (1930). '
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the sky wave radiated at the higher angles from the ground and but
partially reflected, does not approach the ground wave in strength. It
is only when the sky waves radiated at small angles approaching tan-
gency to the ground, and hence of equal strength and traveling over
paths of approximately equal length, are reflected back to the ground
at very great distances that the sky wave approaches the ground wave
in strength. It is natural that in such cases there should be little dif-
farence between the fading-free range for the quarter- and half-wave
antennas. However within the present broadcast band and for the
more usual attenuations, the improvement in the fading-free range of
the station to be gained from the use of a half-wave antenna is marked.
The use of the half-wave vertical radiator is probably justifiable on
this basis alone for most of the present broadcast stations of any
considerable power except where the limitation in the nighttime range
is imposed by interference from other stations on the same channel,
rather than by the fading itself.

CoONCLUSIONS

These studies show that it is economically unsound to attempt to
cover large arcas from a single station under unfavorable transmission
conditions; i.c., high frequencies in arcas of high absorption. Since the
cost of coverage per unit area rises so rapidly under any except the most -
favorable transmission conditions as the service range is increased, one
is forced to the conclusion that for a great portion of the United States
a broadeast scrvice can be rendered most cconomically by a large
number of stations of moderate power, cach serving only the com-
munity and its immediate vicinity. Also for the limited service arcas
required for stations of but local interest and coverage, the use of
these high frequencies imposes no material hardship. This is especially
iruc when it is considered that for the low powered stations involved
in such services, the actual operating costs dircetly proratable to power
arc but a small part of the total costs for studios, program production,
obe. Thus it is both sound engineering and sound cconomics that these
local stations of limited service arca and interest should be placed on
the highest frequencices.

The lower frequencies should be reserved for the use of higher
powered stations of regional or national interest and scrvice range.
The lowest frequencics, such as are now in such suceessful use abroad
for broadeasting, are pre-eminently suited for stations of national
interest and coverage. On these frequencies only, does the coverage
obtainable cconomically justily the large expenditures involved in
the construetion of sueh superpower stations. And on these [requen-
cics only such stations are big cnough to justify the expenditure
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necessary to secure an antenna system of adequate physical dimen-
sions to secure the radiation efficiency and pattern necessary for a
rational utilization of these frequencies.

One is still left to face the problem of how best to serve adequately
the rural population so unfortunate as to reside in these areas of high
attenuation. Of course if the lowest frequencies become available in
this country as in Burope, it should be possible to space the superpower
stations so thatall, even in these areas, should have access to one or
two programs of high quality of national interest and scope. There
still remains the problem of supplying these people with programs of
but regional or local interest and, failing the ultra-low frequencies, of
supplying a program of any sort with satisfactory conditions of recep-
tion. In some of these areas, the population density will be high enough
so that while the cost per unit area may be extreme, the cost per capita
may still be low enough to justify economically the high powered
station which would be required.

For the rest of such country, there are several alternatives possible.
One is to leave them dependent solely on such secondary service as
may fall their way. The next is to use stations of high power which
the area itself cannot justify economically but which may be easily
justifiable on a social basis and which partially derive their support
from subsidy. This may come either from governmental sources or
through the station being a unit in a system of nation-wide service
and being partially supported by the more favorably situated stations
in other areas. .

The success of synchronized stations properly separated geographi-
cally for the power involved, both abroad and more recently here,
gives promise that therein may lie a solution for this difficulty as well
as for the one of finding sufficient, frequency allocations for the broad-
cast stations required. The use of a number of small synchronized
stations should reduce the cost per square mile to a point sufficiently
low to justify economically their operation. The operation of the indivi-
dual units by remote or fully automatic control such as is now common
use in substations of power distribution systems, might well effect
suflicient economies to more than compensate for the cost of the fre-
quency control equipment. Similarly since all would handle the same
programs, the elimination of the individua] station’s studios, executive
and program costs might well effect savings more than sufficient to
support the wire-line charges for the distribution of the programs. An
intermediate step may be the operation of such stations with the
geographical separation sufficiently increased so that with synchro-
nized carriers, separate programs of local scope can be broadecast in the
daytime and a common program broadeast at night,
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A NEW TUBE FOR USE IN SUPERHETERODYNE
FREQUENCY CONVERSION SYSTEMS*

By

C. T NessuagE, &, W. Ierowup, axp W. A. Harnis
(RCA Manufacturing Company Inc., RCA Radiotron Division, Harrison, N. J.)

Summary—The major disadvantage of cxisting mcthods of frequency mixing
1s found in high-frequency operation with comparatively low intermediale frequen-
cics, where serious coupling cxists between oscillator and signal circuils in spite of
cleclrostatic screening. Suppressor modulation of a radio-frequency pentode largely
overcomes many of the defects but the oscillator voltage required is large and the low
plate resistance limits the gain. For these reasons, a new tube has been developed
(designated the 6L7) wherein the above disadvantages are largely overcome..The new
tube conlains five grids: the first grid is a remole culofl signal grid, the sccond and
fourth are screens, the third is used as the modulator grid conirolled by a separatc
oscillator tube, and the fifth grid is a suppressor. The ideal characteristics of such a
tube are derived. The actual characteristics of the tube developed are shown and a
bricf discussion of the results obtained is given. A discussion of the flow of eleclron
current to a negative grid due to an unusual transit-time cffect at high frequencices is
given and il is shown that operation with sufficient grid bias reduces the phenom-
enon.

The characteristics of this tube also make it particularly suitable for usc as a
radio-frequency amplifier in receivers where the available automatic volume control
or detector vollage is low; in this case the automatic volume control voltage is applicd
to both No. 1 and No. 8 grids. . ‘

Although not primarily intended for the purpose, the tube is also suttable for
use in the volume cxpansion of recorded music. Such appligation provides for an
effective mcans of emphasizing the crescendos and diminuendos of the music. A brief
description of a method of accomplishing this is given.

INTRODUCTION

N A previous discussion by one of the authors of this paper,! it
I was pointed out that with the present usual procedures for obtain-

ing frequency mixing, considerable loss in gain at high frequencies
was experienced because of space charge and other coupling between
oscillator and radio-frequency signal circuits. It was also shown that
suppressor modulation of a radio-frequency pentode largely overcomes
these difficulties, but has the serious disadvantages of large oscillator
voltage requirements and low plate resistance. Tt is the purpose of this
paper to describe the development of a tube which overcomes these lat-
ter faults and yet retains the advantages of outer-grid modulation.

* Decimal classification: R330%X R361. Original manuscript received by the
Tnstitute, August 5, 1935. Presented before Tenth Annual Convention, Detroit,
Mich., July 3, 1935. ;

1'W. A. Harris, “The application of superheterodyne frequency conversion

:zjifgié%r)ns to multirange receivers,” Proc. LR.E., vol. 23, pp. 279-294; April,
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GENERAL DiscussioN oF Mixer OPERATION

Referring to Fig. 1, it is seen that the tube consists of a cathode,
an anode, and five grids having the following functions:

The first grid is the radio-frequency or control grid of the tube.
It is of the remote cutoff type, thus minimizing radio-frequency dis-
tortion, cross modulation, and affording the conveniences of automatic
volume control. The transconductance of this grid to the plate is made
as high as possible without abnormal electrode spacings.

The purpose of the second grid is to accelerate the electrons simi-
larly to a space-charge grid and also to provide screening between the
first grid and the other electrodes of the tube. '

RCA-6L7

RCA-6C5
osc.

+

Fig. 1—Typical mixer circuit using 6L7 tube. -

- The third grid is modulated by the separate oscillator signal. In
order to eliminate the disadvantages of large oscillator-signal require-
ments noted on existing pentodes, it has been made with a fairly high
amplification factor.

The fourth grid is a screen internally connected to the second grid
and serves as a means of securing high plate resistance to prevent the
reduction in plate resistance noted in the case of the radio-frequency
pentode with suppressor modulation.

The fifth grid is connected internally to the cathode and serves as
a suppressor of secondary emission. This grid is included to assure high
7 and to permit operation at low plate voltages.

Since the No. 3, or modulator, grid is the most important element in
overcoming the disadvantages of Present pentodes in suppressor-modu-
lation circuits, an analysis of its specific characteristics will be given at
this point. To do so, it is necessary to review and analyze some con-
verter theory.
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TFrequency conversion in a tube of the type considered may be re-
garded as a process of modulating the oscillator frequency by the signal
frequency, the percentage modulation being very small in the usual
case of large oscillator and small signal-frequency components in the
plate current. Stated in other words, the amplitude of the oscillator-
frequency component of the plate current is varied slightly at the signal
frequency, one of the resulting side bands being the desired intermedi-
ate frequency. Because of the assumption that the modulation is small,
high order nonlinear effects may be neglected. As is well known, the
amplitude of one of these side bands is exactly one half the fractional
modulation multiplied by the normal carrier amplitude (in this case
the oscillator-frequency amplitude). Therefore, the intermediate-fre-
quency component of the plate current is given by

m
Iif = —Iosc-
2

Now the change in oscillator-frequency amplitude is the product of
the rate of change of this amplitude with signal voltage and the signal
yoltage, so that the change in oscillator-frequency amplitude is

h . I anac
change in Iosc = e
om,
and hence the fractional change m is
| 1 0l -
m = eg .
Towe 0B,
Thus,
1 0lose
if = ed1.
‘=% om,
Defining the conversion conductance as
Iif
Se =, —
(2451
it is seen that
1 3loso
S, = — .
2 Jal,,

If the plate current of this tube be expanded by Fourier analysis, it
can be shown that the amplitude of the oscillator-frequency component
is

1 ot
Iosc = Ib CcOS wld(wt)

m v —r
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where w is the angular velocity of the oscillator.
Taking the partial derivative of this with respect to the control-
grid voltage, we have

0lose 1 p*79rI
—_— = —f ° cos wid(wt)
oL, T J_» Ol

1 T
= f Sm; €08 wid(wt)

™
where s, is the transconductance between No. 1 grid and plate.
It is therefore seen that the conversion transconductance
1 T
Se = — Smy COS wid(wt).
27 J _,

If the conversion conductance is required to be a maximum, the
tube should operate only when cos wt is positive, that is, only when the
oscillator swings from —=/2 to 7/2. The s,, should be cut off during
other angles because the change in sign of cos wi then would decrease

I

™

<3

Fig. 2—TFirst grid-to;{)la.te transconductance as a function of third grid bias:
» ideal; B, actual; C, limiting case.

the integral. Again, during the interval —7/2t0 7/2, s,,, should remain
at its maximum. Thus maximum conversion conductance

1 TI? o Sml
Se max o Sm max COS wtd(wl) =T
271" —7/2 T

This means that the conversion conductance of a mixer tube cannot
exceed 1/7 times the maximum Sm between the control grid and output
element. In terms of the proposed mixer-tube parameters, it indicates
that the shape of the s, vs. L, curve should be that of curve (4) of
Tig. 2. Actually it is almost impossible to obtain a curve of this shape
in a tube, but it is possible o obtain an S-shaped curve similar to (B)
in the diagram. As a limiting factor, then, we may inspect the s, in




Nesslage, Herold, and Harris: Frequency Conversion Tube 211

the case where s, varies directly with £, as indicated in curve (C) of
the same diagram. Applying the expression for s, in this case to the
above formulas for s., it can be shown that

Smy max

4

Se =

~ Assuming then that the oscillator voltage is sufficient to swing the

No. 3 grid from cutoff through maximum s,, back to cutoff in the in-

terval —=/2 to w/2, it will be found that the s, of the tube will lie be-
Smy max Smy max

tween Y and ——— . T'rom a receiver application standpoint,
™

it is desirable to keep this oscillator voltage requirement as low as pos-
sible, so that the No. 3 grid characteristic should have a high value of
Sm, 2t the maximum positive swing, be fairly saturated, and cut off as
sharply as possible.

The tube embodying these refinements in outer-grid modulation
has been designated as the 6L7. The characteristics of an average 6L7

together with typical operating conditions may briefly be tabulated:

6L7 CoNVERTER OPERATION

Er=6.3 Iy =0.300
E., -3 —6
Eey., 100 150
Ec3 —10 —15 (oscillator voltage superimposed)
By 250 250
Peak Osec. Volts 12 18 -

8 360 pmhos 360 umhos

Tp 1 meg+ 1 meg 4
Teo 4 6.2ma 8.3ma

1y 2.4ma 3.2ma

It will be noticed that one of the recommended screen voltages is
150 volts and is used with a normal bias of —6 volts. These values are
higher than those usually employed. The reason for the choice of these
voltages lies in an unusual phenomenon found at very high {requencies
in the use of these tubes where a few microamperes positive grid current
flows in the No. 1 grid circuit, even though this grid is biased negative-
ly. This current was first observed by V. D. Landon of the RCA Victor
Division ina typical converter circuit where 100 volts on the screen and
—3 volts on the control grid were used. This effect is not to be confused
with the space-charge coupling observed in pentagrid converters but
is caused by forces acting on the electrons during their time of transit
and may be explained as follows:

When the No. 3 grid is swinging slightly negative, part of the elec-
trons approaching it is turned back towards the positive No. 2 grid.
During their time of transit, that is, before they reach the No. 2 grid
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on the way back, the No. 3 grid swings more negative. This increases
the potential gradient in the No. 2 grid to No. 3 grid region, and an
additional force is exerted on the returning electrons. When the fre-
quency is high, this is sufficient to cause some of those electrons which
pass through the No. 2 grid wires to overcome the retarding field near
the No. 1 grid and flow through that circuit. When calculations are
made on this additional imposed force on the electrons in terms of the
No. 2 to No. 3 grid distance, the No. 3 grid frequency, and voltages

T T T 1
HEATER VOLTS (Ef)=6.3
— PLATE VOLTS (E,) = 250
i | |
i i I
| Eca,a Eci
CURVE | yotTs | voLts
150 -6
— ———| 130 -3 1400
[
o
4 I
A 12003
S
l =
s
7|£ ! z
// 1000 §
w
19
/1 :
/
800 5
/ >
! 2
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L : a
600 2
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<
/ £
/ w
400
/ / J
i &
/11 :
! 200 2
/ fa]
A @
7 (&
-25 —=20 =5 =15 =5 ] +5

GRID N23 VOLTS

Fig. 3—TFirst grid-to-plate transconductance characteristics
for the 6L7. E., held constant. :

under conditions resulting in grid current, it is found that the force im-
posed on the electrons during one trip is insufficient %o overcome the
retarding field near the No. 1 grid. It must, therefore, be assumed that
the electrons make several trips through the No. 2 grid, those electrons
which pass between the No. 2 grid wires picking up a small amount of
energy each time until they acquire the amount necessary to enable
them to reach the No. 1 grid. The additional force applied to the elec-
trons by this effect is found to be proportional to the oscillator fre-
quency, the transit time of the electrous, and the oscillator anplitude.
Measurements at thirty megacycles using a fifteen-volt oscillator signal
indicate that —6 volts bias on the No. 1 grid is sufficient to cut off the
grid current. For this reason, it is recommended that for the use of the
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617 in the short-wave bands a minimum bias of —6 volts be used on
the No. 1 grid. When this bias is used, the sereen voltage may bein-
ercased to 150 volts to increase the conversion gain. At still higher {re-
quencies, grid current may be avoided by further increase in bias or
by reduction of the oscillator voltage, but the sereen voltage should not
exceed 150 volts.

The eharacteristic curves of an average tube which are of impor-
ance in converter operation arc the s, vs. 2., eurves, which determine

1000
I T I
b~ HEATER VOLTS (€4) 26,3 — |~ =i"7" "7
| PLATE VOLTS (£4,)7250 e
Eca,a | Eca €os¢. N
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150 =15 ta ;
———| 100 -10 12 ! a
_ 4] ©
5
>4
S
100 ®
/i S
! Y
! =
/o 5
/ >
/ 2
7 S
/ -
) 5
ba » Y
/ ; v
/ ’ =
4 7 S
/ g
/
Vv v
/
+
)
~50 —ao0 -30 —20 <o 0

GRID N2t B1AS VOLTS

Tig. 4—Operation characteristics for type 6L7.

the s, as outlined above, and the s, vs. E., curve, which shows the con-
trol action and cross-modulation characteristics. The former curve is
shown in Fig. 3 for a screen voltage of 150 volts and also for 100 volts.
It will be observed that the latter voltage permits just as high s. as
the former (since the maximum s, is about the same) and requires con-
siderably less oscillator voltage. Inasmuch as the cathode current is
also lower under this condition it may be advisable to use it when the
upper frequency limit is twenty megacycles or less. For higher frequen-
cies than this, enough advantage is usually obtained from the 150-volt
screen operation to justify its use.

The s, vs. E., ourves of an average tube are shown in Fig. 4. This
cuts off at approximately —50 for 150 volts on the screen and at —35




214 Nesslage, Herold, and Harris: Frequency Conversion Tube

for 100 volts on the sereen as shown. The curves are plotted semilog
to illustrate the remote cutoff characteristics.

The performance of the tube with variation in éscillator voltage
is shown on Fig. 5, where the s, is plotted against L., for various values
of oscillator voltage. An inspeetion of the curves shows that the highest

T T 17
l— €¢=6.3 voLTs
Ep =250 VOLTS
| Ec,,,=150 voLTs 500 @
ECi=—6 VOLTS g
: 3
L r—— -3
M \aoog
-1 L~ N 2
\ @
// = \\ \\ 3008
Egsc.=30V. / \ Z
o
p 2
2007
__-—2ov/ / ,/ ~ \ S
T 7 // g 2
100 &
15V, 7
D 2V, |t \\\\\\\\ §
|ov./ §v.4 l ) I 3
32 =28 =24 =T Y = =2 o v

=20
GRID Ne3 voLTS
Fig. 5—Operation characteristics of type 6L7 as a mixer.

P 1
8

RCA-6CS
osc.

|

A

+

Fig. 6-——Another typical mixer circuit for the type L7,

s is obtained by using a large oscillator signal. It will also be noted that
for best results, the peak oscillator voltage exceeds the bias of the No. 3
grid, causing current to flow between this grid and catlode. This makes
it convenient to obtain the biasing voltage E., as the drop resulting
from the flow of grid current through a grid-leak resistor. In Tig. 1
the bias is obtained by current through a grid leak common to th(;
oscillator and 6L7 tubes. In Fig. 6, the bias is obtained by current
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flowing through a separate leak for the No. 3 grid. The latter circuit
permits connceting the No. 3 grid to any point in the oscillator circuit
(for example, the plate) and is also helpful in reducing the effect of the
No. 3 grid-to-ground capacitance of the 6L7 on the oscillator tuned cir-
cuit.

Some measured advantages? of the 617 over pentagrid converters
in typical mixer circuits were found to be the following:

1. An increase in gain of between 5 and 8 to 1 at twenty mega-

cycles.

2. Appreciably less required oscillator power, resulting in greater

stability of the oscillator circuit.

3. Improved selectivityand increased gain in the first intermediate-

frequency circuit because of the high r,.

4. Tasier alignment of tuned circuits due to less reaction between
radio-frequency and oscillator components.

. A greater range of operating frequencies. Good results have been
obtained at 60 megacycles, whereas A7 type tubes will not ope-
rate well at frequencies above forty megacycles even when a
separate oscillator is used. At forty megacycles, the improve-
ment in sensitivity was measured as a 20-to-1 ratio over that of
the pentagrid converter circuit.

[\

The application of the 617 tube to radio receivers is not confined to
converter operation alone, as the following discussion will show.

APPLICATION OF THE TUBE AS A RADIO-I'REQUENCY AMPLIFIER

If a curve of sn, vs. /7., is plotted for various negative potentials on
the No. 3 grid, it will be noted that at more negative biases on the No. 3
grid, lower No. 1 grid-plate transconductance is obtained (Tig. 7).
This phenomenon may be utilized in the circuit shown on the diagram.
In this case, the tube is used as a radio-frequency amplifier with the
automatic volume control voltage applied to the No. 1 grid and also
to the No. 3 grid. The dotted line on the curves indicates the cutoff
characteristic of s, vs. automatic volume control voltage. It will be
scen that, for a given automatic volume control voltage, a wide con-
trol of gain can be cffected. This connection is particularly useful in
midget sets where the voltage at the detector is limited, and affords
a means of securing sharper antomatic volume control action than is
now possible with existing pentodes in these sets. Sinee the signal
swings over the solid curves and operating points are determined by
their interseetions with the dotted eurve, the cross modulation and

2 We are indebted to the RCA Victor Division for these figures.
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radio-frequency distortion are approximately the same as with con-
ventional tubes. The extremely low No. 1 grid-plate capacitance is an

10000

T T T
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Fig. 7—First grid-to-plate transconductance characteristics of the type GL7.

advantage in many applications. Typical operating conditions for the
tube as a radio-frequency amplifier are shown below:

6L7 as Rapro-FrREQUENCY AMPLIFIER

Heater voltage (Er) 6.3 volts
Heater current (Ir) 0.3 amperes
Plate voltage (Ey) 250 max, volts
Control-grid voltage (Be)) —3 volts
Control-grid voltage (E'Cs) -3  wvolts

Screen voltage (EC2_4) 100  volts
Transconductance (S,) 1100 micromhos
Plate current (Ip) 5.3 milliamperes
Screen current (102_4) 5.5 milliamperes
Plate resistance p) 0.8 megohms

Direct Interelectrode Capacitances:
Input 8.0 uuf
Output 12.5 uf
Grid-plate 0.0005 max. uuf

AppPLICATION OF THE TUBE IN VOLUME EXPANSION Circurrs

Considerable interest has been shown recently in methods of com-
pensating for the necessary contraction of volume range in practical
systems for reproducing music. Although not primarily intended for
the purpose, the 61.7 has been found adaptable to this application. The
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simplest system for accomplishing this “volume-expansion” consists in
increasing the gain of an amplifier tube in the audio system by means
of a direct voltage proportional to the average level of the music.?
One method of effecting this with the 6L7 tube is to connect the signal
to the No. 1 grid and to apply the volume controlling voltage to the
‘No. 3 grid; the controlling voltage is obtained from a separate amplifier
ond diode rectifier whose input is connected to the signal (Fig. 8).

DIODE
AMPLIFIER RECTIFIER

1

Tig. 8—Volume expander circuit.

The No. 3 grid of the 6L7 is initially biased to some low transconduc-
tance point as for example the point A on the s. curves of Fig. 7. When
the signal is applied, the diode raises the No. 3 grid potential so as to
increase the gain over the zero value. The amount of increase in the
gain is approximately proportional to the diode voltage and hence to
the signal level.

The distortion of the audio signal by the curvature caused by the
remote cutoff nature of the first grid is appreciable for large signals.
The tube must therefore he used at small signal values such as are ob-
tained from a phonograph pickup. Since the Smy—Le, characteristic is
nearly exponential in shape over small regions, the second harmonic
distortion produced is approximately given by *

per cent 2nd = (1/4)bE X 100

where b is the slope of the sn,, /. curve on semilog paper and I is the
peak input voltage.

Tor the 6L7 operated at point 4 on Fig. 7, 24bX100=6 so that
about six per cent second harmonic per volt peak is encountered.

3 The pioneer work which led to the system described here was done by
J. F. Dreyer, Jr.
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ConNcLUsION

The 617 tube provides a very efficient means of obtaining fre-
quency mixing in superheterodyne receivers, particularly at high fre-
quencies. The tube is also suited for use in radio-frequency amplifica-
tion where a steep control characteristic may be obtained without
sacrificing the advantages of remote cutoff tubes. In addition, the tube
may be used in other circuits where a tube having two control grids is
advantageous.

R = P = I .. NP
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DESIGN OF AUDIO-FREQUENCY AMPLIFIER
CIRCUITS USING TRANSFORMERS*

By
Paur W. KuirscH

(Independent Exploration Company, Houston, Texas)

Summary—T7The computalion of performance of a fransformer at frequencics
near resonance is simplified for the case in which the secondary is loaded with re-
sistance. The information is presenied in the form of a family of curves in which
the generator and load resistances are the dependent and independent variables. The
parameter, or third variable, held constant for a given curve, is the ratio of gain at
resonance to the gain al some frequency at which resonance effects do not enter. It
is referred to as the “resonance gain” and is expressed in dectbels rise al resonance.
Here the reference level of zero decibels is taken as either the gain at zero frequency
for the equivalent circuit, which acts as a low-pass filter, or at infinite frequency for
the case of a high-pass equivalent.

Frequency response curves are given to illustrate the use of the design charls
and to show the effect of varying the ratio of load to generator resistance, keeping the
gain parameter constant. A typical curve showing the effect of the ratio of load-to-
generator resistance on the phase angle is also shown.

Use of the charts for design purposes is explained and numerical examples
given.

INTRODUCTION

ARIOUS analyses are available for computing the performance

&; near resonance of audio-frequency transformers in customary

circuits,! but the case wherein the secondary is loaded with a

resistor has apparently not been treated at length. It is the purpose of

this paper to make available design data for transformer circuits with

resistive loads, whereby the choice of value of the load resistance can
be made so as to produce any desired frequency response curve.

ANALYSIS

The equivalent circuit of a transformer, used in a circuit with
dissipative generator and load impedances, is shown in Fig. 1. R, is
the equivalent generator resistance, consisting of the plate resistance
of the driving tube, R,, or the equivalent generator resistance, Itgen, and
the transformer resistance in series. The transformer resistance is that
which would be measured at the primary on an impedance bridge
with the secondary short-circuited, or the sum of the primary winding

* Decimal classification: R363.2 XR382.1. Original manuscript received by

ghelgI)rrglgtitute, March 6, 1935; revised manuscript received by the Institute, April

(193;)See for cxample, F. E. Terman, “Radio Engineering,” McGraw-Hill,
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resistance and the product of the impedance ratio with the secondary
winding resistance. L is the leakage inductance of the transformer,
which can be found at the same time as the transformer resistance if
the latter is measured on an impedance bridge. C is the effective ca-
pacitance across the secondary winding, consisting of the self-capaci-
tance of the winding, any stray capacitance, and the input capacitance
of the stage into which the transformer works. It is not necessary to
know the actual value of C since the resonant frequency is the only
function of €' that will be used in the final equations. The resonant fre-
quency can be found by a frequency response test with &, assmall as pos-
sible and R, infinite. R, is an externally connected load used to modify

L R A

Fig. 1-—Equivalent circuit of transformer coupled amplifier, valid for fre-
quencies near high-frequency cutoff.

the frequency response. Ry, L, C, and R, must all be referred to the
same side of the transformer. The output voltage, , and the equivalent
generator voltage, Ko, must also be referred to the same side of the
transformer as that on which the constants are taken.

This equivalent circuit assumes that the capacitance between -
primary and secondary is negligible, a condition which is realized when
an electrostatic shield is used between the two windings; the equiva-
lent circuit under this condition is quite valid up to a frequency con-
siderably above that of series resonance. Even when the interwinding
capacitance is not negligible, experiments show that the use of an
analysis based on this equivalent circuit can be made to yield approxi-
mately correct results.

The equivalent circuit is easily solved for its frequency response
characteristic, given the various ecircuit constants. One method of
solution would be to regard the circuit as a half-section filter terminated
mid-shunt at the receiver and mid-series at the generator.? The solu-
tion by ordinary circuit analysis is simpler in this case and results in the
following equations:

Let,
E =output voltage
Ey=equivalent generator voltage

-

?T. E. Shea, “Transmission Networks and Wave Filters,” D. Van Nos-
trand Co., (1929).
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w=27f, wo=2xfo

f=frequency .

fo=frequency at resonance, being defined as the
frequency at which the inductive and capaci-
tive reactances arc numerically equal.

Then, .
Xof [
“ = Wgds = —
] <\o 0 ool
I 1 1)
B R o L
1 + _— O.)?]JC + Jw <I\)1C + )
Ua R
At zero frequency, (1) reduces to
<E > 1 @)
Bowmo Ry
1+

The ratio of output voltage at frequencey f to the output at zero fre-
quency will be called the gain of the circuit, (. Now by writing
wi=1/LC and using reactance at resonance in place of terms con-
taining I and C, and substituting f/fo for w/wo

Jis}

R,
G = : 3)

Re (N, .1 ([ I | X
()
ATV | X R

At resonance, f=fo so that
IRy
R

E+‘< e +IX°>
R- IXOI R

These equations are complete or vector equations from which both
the absolute value and vector angle can be found.

An sttempt to find values of Ry and R. which will give a desired
response at resonance involves a laborious cut-and-try method. To
facilitate finding these values, a set of curvesis offered, Fig. 2, which
gives solutions, for the absolute value only, of (4), from which pairs
of values of Ry/| Xo| and Ry/| Xo| may be found which will give a speci-

14

G():

(4)
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fied resonance gain. The resonance gain, Gy, marked on the curves, is
given in decibels instead of the actual ratio of (4), the relation being

Naw = 20 logo | Gl (5)
where,
| Go| = the numerical value of Go.
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Fig. 2—G_raphicz}1 solupion of (4); heavy curves, contours of constant resonance
gain Gy (in decibels); dotted curves, contours of constant R./R,.

COMPUTATION OF THE CurvEes or F1g. 2

In order to arrive at the data for plotting Tig. 2, (4) was first
plotted as a family of curves using R,/ | Xo| as a parameter, Ro/|X,|
as the independent variable, and G, as the dependent variable. Values
of Ri/| Xo| and R,/ | X o| were then picked off along lines of constant
G to replot in the form of Fig. 2.

The codrdinate system used in Fig. 2 is interesting in that it repre-
sents all numbers from 0 to . It is laid out according to the relation

n=tan 2z

where 7 is the number at any point and z is th

. e distance out to that
point.
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TyricaL Resronst CURVES
Tigs. 3 to 6 show actual response curves computed from (3). Itach
figure gives a pair of curves for some selected value of gain at reso-
nance, and is intended to show how the response curves vary for differ-
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Tig. 3—TFrequency resonance curve for maximum and minimum values of
R:/R,, resonance gain, three decibels. Any curve corresponding to any
other possible values of R:/R, must lie between the two curves shown, pro-
vided the resonance gain is the same.
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Tig. 4—Same as Fig. 3 but for resonance gain of zero decibels.

ent values of Re/R;. The values of this ratio used for ::omputing the
curves shown arc infinity and the minimum possible value' when
such a minimum exists.

In Tig. 5, the two curves are parallel, that is, the curve for Ry/R;=1
is identical in shape to the curve for R,/R;= but is moved over on
the frequency axis by an amount which increases the apparent cutoff
frequency by the factor /2. This shows that decreasing the ratio of
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R./R; from the maximum to minimum increases the effective pass
band by one-half octave, but of course at the expense of voltage
amplification. .

Tig. 7 shows how the phase angle varies with frequency for the cir-
cuit conditions corresponding to Fig. 4. The negative sign of the phase
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Fig. 5—Same as Fig. 3 but for resonance gain of —1 decibel for Ro/Ry =1 and
—3 decibels for R./Ry= .
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Fig. 6—Trequency response curve for resonance gain of —3 decibels for R./R
= = and R,/R,=1. It should be noted that this last value is not a nii/nii

mum in this case, no minimum existing for a resonance gain of less than
—1.27 decibels.

angle implies that the output voltage lags the input, -or that the phase
angle of ¢ is negative.

Use or CHARTS

Fig. 2 makes possible and easy the determination of circuit con-
stants necessary to produce a desired frequency response. With a given
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iransformer of known constants (leakage inductance, resonant fre-
queney, and resistanee) it is easy to choose Iy and . to give any de-
sired response within the possible range.

For example, assume a transformer with the following constants

resistance, primary 2000 ohms
resistance, sceondary 18,000 ohms
turn ratio 31

leakage inductance, referred to primary side 0.50 henry
resonant frequeney, fo 7500 cyeles

(for the transformer leakage inductance, and all capacitances
officctive in producing resonance in the eireuit).
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Fig. 7—DPhase shift in degrees for conditions of Iig. 4.
Curve 1, Ra/Ry=
CUI'\'C 2, Rg/]?l =2
Curve 3, theoretically ideal phase shift for zero phase distortion where
phase angle varies directly as frequency.

The part of R; made up by the transformer resistance is
18,000
2000 + —9—— = 1000 ohms.

At resonance, fo, the reactance is
|X0| = 2xf,, = 23,600 ohms.

Now if we want “flat” response from this transformer an examina-
tion of Tig. 5 indicates that a gain at fo of —1 decibel with R./R;=1
will give flat response. If this value of R./R; is chosen, a glance at the
chart of Tig. 2 shows that R1/| Xo| =R:/| Xo| =1 so that

Ry = R, =| X,| = 23,600 ohms.
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The generator resistance must be
Reen = 23,600 — 4000 = 19,600 ohms

and the resistance shunting the secondary, referred to the primary,
will be 23,600 ohms, or referred to the secondary, 23,600 X9 = 212,400
ohms.

Or suppose, with this same transformer, that we have a driving tube
whose plate resistance is known to be 9600 ohms. Then R;=9600
+4000=13,600 ohms.

Ry

—— = 0.575.

| Xo|
Suppose we want a three-decibel rise in amplification at the high-
frequency end to correct a corresponding loss in some other part of the
circuit. It appears that a resonance gain of about 2.5 decibels will pro-
duce three decibels rise just before cutoff. The value of R./| X4 | found
from the chart for 4+2.5 decibels is 3.5 so that Ry =3.5 X 23,600 ="72,600
ohms referred to the primary side, or 653,000 ohms load across the
secondary. Any such solution must be checked if great accuracy is
needed; the values may be put into (3) and a few points calculated just
below the resonant frequency to see that the maximum value of @
is near the value wanted.

Another convenient use is that of determining the change of con-
stants necessary to vary an existing response curve by a predeter-
mined amount. Suppose that the existing transformer and associated
circuit give a rise just below resonance of five decibels as determined
by test, there being no shunt on the secondary. If it is desired to flatten
this response curve down to a total rise of one decibel, the chart is
entered on the five-decibel contour at Ry/ l X 0] = 0, the line of constant
R,/ ] X 0' is traced to the left until it intersects the zero-decibel line, at
which point Rs/| X| is read off. The choice of the zero-decibel value
for the resonance gain is based on the fact that just before resonance
there occurs a gain which is 0.5 to 1.5 decibels higher than the gain at
resonance as shown in Fig. 4. Having found R./| X, [ , I22 may be found
by a measurement of the leakage inductance and the resonant fre-
quency.

CASE IN WHICH THE INTERWINDING CAPACITANCE
1S NOT NEGLIGIBLE -

The equivalent circuit of a transformer in which an appreciable
capacitance exists between windings is very complicated. A rigorous
analysis of this condition has not been completed, but tests show that
a reasonable approximation can be achieved by the use of Fig. 2 pro-
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vided certain ehanges in methods of making the transformer measure-
ments are made. The greatest inaceuracy encountered in comparing
test and computed resulis was one decibel which occurred for values
of external resistances, Rgen and Re, which are seldom met with in
practice; for the usual values of resistance, {he error was much less.
The value of L in Fie. 1 is usually found from a bridge measure-
ment made at fow frequency, say ahout 300 eveles. I this measure-
ment. is enrried out at various frequeneies up {o 3000 eyeles or higher
and it is noted that L and Fo, the leakage induetanee and transformer
resistance, change with frequencey, it indieates that the interwinding
eapacitance is not negligible. Tn this case if the measurement is made
at or as near the resonant frequeney as possible and the value so found

used to determine _\'n| and I, the charts may be used to obtain

reasonably aceurate results.

In making impedance measurements, it is well to remember that
any interwinding or stray eapacitances should be disposged in the same
way in the test as in the amplifier eireuit; thus if one side of the second-
ary, one side of the primary, and the transformer core and ecase are to
be grounded as far as alternating-current potentials are coneerned in
the final amplifier, it is necessary to conneet them the same way in
making impedance measurements. Reversing the primary, or leaving
the secondary ungrounded, has been found to change the leakage in-
ductance as measured near culoff by as much as tweniy per cent. The
measurement of the resonant frequency should be.made using these
same precautions. In one transformer, reversing the secondary changed
the resonant frequeney from 14,500 eycles to 12,500 eycles.

Cast OF FFILTER TERMINATED WITIH ITS
CHARACTERISTIC IMPEDANCE

Tt was mentioned earlier that the circuit of Fig. 1 may be regarded
as a half-section filter terminated mid-shunt at the receiver and mid-
series at the generator end. If ideal terminal resistances are used, then

T
M= g/ % =l X
so that,
By Ry Ro
| ol I X [ X

1.

Using this relation, it is found from Tig. 2 that the resonance gain is
~1.0 decibel (computation gives —0.97 decibel), and the frequency
response curve is the one in Tig. 5 marked R./R,=1. This is the re-
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sponse curve which varies least within the range of pass frequencies,
and represents a filter in which reflections between the section and its
terminations are at a minimum.

TRANSIENT PERFORMANCE

The performance to transient excitation in the form of a “square”
or “unit function” input voltage has been worked out for the half
section with characteristic impedance terminations. The minimum of
reflections which produces the flat frequency response curve under
steady-state conditions also renders the transient response nearly non-

/?gzn /epn KSC-’-
[~X
R, IL
c
£, L Rz
b

Fig. 8a—Transformer coupled stage, resonated primary to
improve low-frequency response.

Fig. 8b—Circuit which for frequencies near Iow-frequency
cutoff is equivalent to Fig. Sa.

oscillatory, the output rising to 104 per cent of its final value in an

amount of time approximating one-half cycle of the cutoff frequency,

then decreasing to the final value almost asymptotically. In general,

it may be said that the amount of resistance necessary to give flat

frequency response will give a response to transients which is nearly

nonoscillatory, the steady state being closely approached in a time
Low-FrREQUENCY RESPONSE

The resonated primary type of cirf}uit which is occasionally used
to improve the bass response is shown'in Fig. 8a. The equivalent cir-
cuit at low frequencies is that of Fig. 8h. In this figure, L is the primary
inductance which can be measured on various types of bridges and R,
is the sum of the equivalent generator resistance and the resistance of
the primary winding. R, is the sum of the connected load resistance and
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the transformer secondary resistance. In the equations, in order to
make them similar to those developed for the low-pass filter of Tig. 1,
IZ, the output voltage, is taken as that across R so that the terminal
voltage is

R
Escc = E -
Rs + RvL
Rs+ Ry = IRy
Rs = transformer secondary resistance
R; = connected load resistance.

(' is an externally connected capacitor whose capacitance is selected
on a basis of the lowest frequency which it is desired to transmit. This
frequency may be loosely referred to as the low-frequency cutoff.

The performance of this circuit is given by the following equations,
the notation being the same as for equations (1) to (4).

B 1

o Re /I . Jof R | Xl
O
Iig f JfIXO‘ R2

Since we want to compare the output at a given frequency with the
output at some frequency at which the effects of resonance are negligi-
ble weset f=;

<E ) 1 .
EO S=wn ]{’1

(6)

I

14+ =
Re
I
(1 = ,E"
(i)
IO
o/ f Rl
I — v
B Ry (7
| l“ /‘)fl <fu>2 . fn< /‘)fl l /\’0 ) )
- —— A—— —_— pR— .’l - .. ———e e — -4 el oo ———
I S S\ X, Iy
/I),l
, 1t
(§y = ——mm (8)
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The similarity of equations (7) with (3) and (8) with (4) show that the
chart of I'ig. 2 is applicable for low frequencies, or for the transformer
acting as a high-pass filter, in the same way as for the high-frequency
case where the transformer acts as a low-pass filter.

The charts may be used directly, but the sample performance
curves of Figs. 3 to 7 must be reversed by substituting the reciprocals

of 1

b / \‘
) J
" yaanIn\
N AN
2271 TN

. y Z =R
Z TN
folei——7= VAL

FoIN N NE NN M

U PN \ »

ER ~N Tl
n N il
' RANIN
m Ne \\\
' \ \\\\\
H N
o VR
' 1
o L
' !
N T
o.l 02 0.4 .6 o8 /o .5 2

£
{0

Fig. 9—TFamily of response curves for R,/R, = ®, resonance

gain in decibels marked on curves.

of the frequency ratios shown. Also, the phase shift of Irig. 7 will be
reversed in sign.

The constancy of the inductance with changes of direct-current
saturation and alternating-current level will determine the accuracy
obtainable. Usually this inductance varies so widely that the results
will be only approximate, unless, of course, pre
hold the inductance constant. An ajr gap is usefu
the large air gap which is effectiv
ance which makes the analysis v
case.

cautions are taken to
1 for this purpose. It is
¢ in determining the leakage induct-
ery accurate for the high-frequency
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DiscussioN

A study of Tig. 2 reveals several interesting facts. For example, it
is known that the driving tubes in an amplifier stage are subject to
aging due to the change in plate resistance. As this resistance, 25, is
a part of Ry, it is obvious that the resonance gain must change with
time. But a part of any desired constant gain curve may be chosen
such that considerable changes in R; produce only small changes in
gain, the result being accomplished by proportioning Ry and .. This
advantage of stability is gained at the expense of voltage amplification,
but the loss in the latter may be kept down to six decibels or less.
Another interesting fact is that for every resonance gain value
“above —1.27 decibels there is a definite minimum value of Re/R.

The resonance gain in a simple circuit (Fig. 1 when R.= ©) is
numerically equal to Qo, or the ratio of resistance to reactance at res-
onance. Thus,

lGol = Qo.

Figure 9 shows a family of frequency response curves for different
values of resonance gain marked (in decibels) on the curves. Fig. 2 can
thus be used to determine the @ at resonance when Rp= 0. One may
" consider that an equivalent Qo exists when I2, is finite.

For the conditions of Fig. 9, where R, = o, the maximum amplifica-
tion, if such a maximum exists (Go>+/ 0.5 or —3 decibels), occurs at
a frequency

v

1
fn = M/l ~ oo (9)

This equation bears a marked resemblance to the equation for the
natural period of oscillation resulting from a transient impulse. This
natural period is determined by

1 2,2
w, = 2nf, = —_
LC 412
Yo .
= w —
0 100 (10)
or,
Jo=1T 4/ ;___1_ 10b
n 0 4:QU2 ( )

Q ordinarily is considered a property of a coil or condenser alonc.
In this analysis it is scen to be useful as applied to the whole circuit. It
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determines not only the steady-state response but the transient per-
formance as well, in the one case determining the amount of resonance
gain and in the other the persistence of oscillation after application of a
transient impulse. In view of these important properties, it is proposed
to name the parameter Qo the “persistence constant.”3
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AN EXPERIMENTAL STUDY OF PARASITIC WIRE
REFLECTORS ON 2.5 METERS*

By
A. WHEELER NAGY
(Polytechnic Institute of Brooklyn, Brooklyn, New York)

“ Summary—This paper presents the resulls of an experimental investigation
of the energy distribution in a horizontal plane due to the juztaposition of a vertical
antenna and parallel parasitic rod-shaped conductors. The reduction of spurious
radiation to @ minimum, through a special arrangement of the apparatus, results in

symmelry of the polar radiation patierns and malkes it possible to appraise accurately
the dependency of the forward radiation, directivity, and backward radiation on the
dimensions of the reflector system. Typical polar distributions of single, double,
trigonal, trapezoidal, plane, and parabolic arrays are shown. The distance between
_antenna and reflector for optimum forward cffect, for plane and other multiple-wire
arrays, was found to depend, in general, on the number, length, and spacing of the
reflector elements. The parabolic reflector is considered in greater detail and, while
most of the results are seen to be in qualitative agreement with experiments reported
"abroad, it is evident that the aperture of a grid reflector is not always a consistent
“figure of merit” of its performance. The results of the parabolic arrays are used,
finally, to discuss a theoretical formula derived by Ollendorff.

1. INTRODUCTION

MONG the various arrangements of multiple antennas em-
A ployed in dircctional transmission, one may differentiate two
systems: (1) the electrically coupled or directly excited system;
(2) the radiation coupled or parasitically excited system. In the former
all the wires comprising the transmitting array are physically inter-
connccted by transmission lines, permitting direct control, thereby,
over the phases and magnitudes of the currents in the radiators. In the
latter, a sccondary array (reflector wire or wires, metallic sheets, ete.)
derives its cnergy through induction and radiation from a primary
array (main antenna or antennas) excited dircetly by the high-fre-
quency source. The phases and intensitics of the induced currents in
all the wires are determined, therefore, by the relative dispositions of
the wires.

Both here and abroad, the directional characteristics of the clee-
trically coupled system have been the subject of many investigations
and the conclusions have heen applied with success to commereial proj-
cels in short-wave transmission.!

¥ Decimal elassifieation: R325. Original manuseript received by the Tnsti-
ure, March 4, 1935; revised manuseript received by the Institute, May 20, 1035,

1 Southworth, Proc. LR, vol. 18, pp. 1502 -1536; September, (1930),
rives an extensive bibliography on the subjeet, (parasitic systems included) up to
19305 Ochinann and Rein, Hochfrequenz, und Klektroakuslik, vol. 42, July and
August, (1933), discuss and list, o hibliography of over 100 references. '
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Historically, the parasitic reflector was first employed by Hertz?
(1885-1889) and about ten years later, by Marconi.? In 1923, Dun-
more and Iingel* reported some experiments with parabolic grid re-
flectors on a wavelength of ten meters, followed by Jones® who worked
with similar reflectors on three meters. More recently, the character-
istics of solid metal and grid reflectors have been investigated by
Gresky® (298 centimeters), Kohler” (16.8 centimeters), and Beauvais®
(15 to 17 centimeters), among others. Both Yagi? and Uda!® obtained
improved beam characteristics with the so-called “wave directors”
used in conjunction with the reflector wires.

Although much of the work reported with this type of reflector
seems to have been initiated from purely academic considerations, the
trend toward directive communication with the ultra-short waves in-
dicates favorably the use of radiation coupled reflector systems. The
commercial possibilities of parasitic reflectors, moreover, have been
amply demonstrated by the experiments of Meissner and Rothe,!
Marconi and Franklin.? Clavier®® (18 centimeters), Ifsau and Hahne-
mann,* Wolff, Linder, and Braden!® (9 centimeters), IKolster’s and
others.'?

In the experimental determination, however, of the radiation char-
acteristics of parasitic wire reflectors in their dependence on the re-
flector dimensions, some of the work thus far reported brings into
question the adequacy of the precautions taken in the experimental
arrangements to minimize extraneous radiation. In a test, for example,
of a vertical array of wires, if the field characteristics are to be attrib-
uted solely to the antenna-reflector combination, all idle and current-
carrying elements not an integral part of the radiating unit, must be
placed horizontally or at a distance from the reflector great enough

* Hertz, “Electric Waves” translated by D. Jones, Macmillan, (1900).

® Marconi, Proc. I.R.E., vol. 10, pp. 215-238; August, (1922).

* Dunmore and Engel, Bur. Stand. Sci. Paper 469, (1923).

* Jones, QST, May, (1925).

¢ Gresky, Zel. fir Hochfrequenz., Bd. 32, p. 149; November, (1928).

* Kohler, Hochfrequenz. und Eleltroalustil;, Bd. 39, p. 207; June, (1932).

¢ Beauvais, L’onde Electrique, p. 484; October, (1930).

* Yagi, Proc. I.R.E,, vol. 16, Pp. 715-739; June, (1928).

'* Uda, Proc. LR.E., vol. 18, pp. 1047-1063; June, (1930).

u Melssne.r and Rothe, Proc. I.R.E., vol. 17, pp. 35-41; January, (1929).

' Marconi, Proc. L.LR.E., vol. 16, pp. 40-69; January, (1928), and Franklin,
Electrician (London), January 6, (1933). ’

1 Clavier, Elec. Communication, July, (1931), and July; (1933).

i: Esau and Hahnemann, Proc. L.R.E., vol. 18, pp. 471-489; March, (1930).
(19350).\\ olff, Linder, and Braden, Proc. LR.E., vol. 23, pp. 11-23; January,

I Kolster, Proc. I.R.E., vol. 22, Pp. 1335-1353; December, (1934).

1" The RCA 68-centimeter beam circuit, connecting Riverhead, L. I., and

Rocky Point, L. I. (18 miles), is particularly demonstrative of economical point-
to-point communication. »
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to ensure no contribution to the received energy. In most cases, in the
absence of these precautions, the polar distribution of radiation shows
dissymmetry.

This paper, from the results of an experimental investigation of vari-
ous parasitic wire reflectors used in conjunction with a vertical an-
tenna, discusses the dependency of the forward radiation, backward
and lateral radiation, and the directivity on the dimensions of the
reflector systems. The experiments were carried out through the facil-
itics of stations W2XAC-XAQ (1933) on 2.5 meters, with an arrange-
ment designed to climinate the undesirable effect pointed out above.
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Fig. 1-—Disposition of the apparatus. The portable Lecherpair permitted fre-
quency determination at a distance of ten wavelengths from the antenna.

11. DESCRIPTION OTF APPARATUS AND XPERIMENTAL JPROCEDURES

Ifig. 1 and the photographs (IFigs. 2 to 4) show the disposition
of the enlire cquipment and the favorable characteristics of the en-
vironment. The terrain was uniform and flat and free from the dis-
turbing effeets of trees, underground circuits, cte. The soil was fairly
moist, and practically all the tests were carried ouf under cqually
favorable atmospheric conditions. The oscillator, with parallel-rod ar-
rangement, of inductance, was placed directly at the base of the main
antenna in a horizontal position, and the direct-current leads were led
out horizontally about ten wavelengths before dropping to the power
supply. The recciver comprised a half-wave vertical rod broken at the
center by a erystal detector which was housed in o suitable wrapping
and box as protection against weather conditions. Tollowing a pair of
radio-frequency chokes, Jeads were carried horizontally from the de-
teetor o a 0-1 Weston millismmetor two wavelengths distant. The
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d-iétance between transmitting and receiving antennas was maintained
eonstant at approximately nine wavelengths. With the main antenna
removed from the oscillator, with or without the presence of the re-

Fig. 2—General view of the field apparatus. The Lecher wires are shown in the
left foreground. ] ,

flector wires, the receiver current was zero. The radiation of the an-.

tenna alone is seen, from the polar patterns, to be circular. The wooden

structure at the transmitter was so designed as to permit 180 degrees

T by R
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Fig. 3—Parabolic array of loaded elements. The receiver may be seen in the
background on the right.

rotation, about the antenna, of any reflecting arrangments stationed
behind or in line with it. 2

The reflector elements consisted of telescoping brass rods of 0.79
centimeter outside diameter, which, when loaded, carried one-milli-
meter copper disks on both ends, 12.57 centimeters in diameter. The
rods were supported at the center by individual insulators and small
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wood blocks which could be easily moved along the double track con-
struction of the wood reflector forms.

The rectified receiver current from a square-law detector was re-
corded for reflector displacements in steps of fifteen degrees while the
power input to the oscillator was kept constant by an observer. During
each reading all observers retired to a distance of about ten wave-
lengths. Frequency was determined by the method depicted in I'ig. 1.
A portable Lecher pair was coupled to an antenna similar to the re-

Fig. 4—Close-up of transmitter structure showing single wire reflector. The main
antenna is on the left.

ceiving unit, the entire arrangement being placed several wavelengths
from the transmitting array. The distance between the two positions
of the copper disk on the lines for which the current in the rod falls
to zero or a minimum corresponds to one half the wavelength. The
small input condenser was used to shift the current maxima in the lines
in such a manner as to leave only a small length of free-line beyond
the second current antinode.

II1. LisT oF DEFINITIONS AND ABBREVIATIONS
The following symbols and definitions have been employed in this
paper. By reference to Fig. 5 the various reflector dimensions may be
appropriately identified.
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d=distance between the main antenna and the plane containing the
reflector elements (wavelengths).

S=separation of elements in plane and parabolic arrays (centi-
meters). :

Si=element antenna distance (wavelengths) see Fig. 5.

- Sp=interelement spacing (wavelengths) see Fig. 5:

JS=focal length of parabola (wavelengths).

a=aperture of parabolic reflectors, straight-line distance between
the two outermost elements in an array (wavelengths).

n=number of reflector elements in an array

[=length of reflector element (centimeters)

0=angular displacement of reflector from the zero to 180-degree
axis (degrees).

I =rectified current in receiver for any value ¢ (milliamperes).

Iy=forward radiation, rectified receiver current for §=zero degrees.

#=power amplification factor of reflector; L.e., ratio of rectified re-
ceiver current with reflector (7 o) to rectified receiver current
without reflector (square-law detector).

d=total directivity; i.e., energy ratio of the arvea of a circle with
radius I, to the area of the entire polar pattern (square-law de-
tector),

A=forward-sector directivity—ratio of the area of a semicircle with
radius Iy to the area of the polar pattern contained within the
sector 270, 0, and 90 degrees.

B=back radiation—the maximum value of receiver current in the
sector 90, 180, and 270 degrees in per cent of 7,.

p=receiver current in sector 270, 0, and 90 degrees in per cent of I,.
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Fig. 5—Arrangement of reflector wires in parasitic arrays. A=antenna.

It x.vill l.)e. sho;vn later that specification of the forward sector
fi1re(.:t1\/'1t.y., in place of the conventional total directivity, assists
in visualizing more exactly the distribution of the beam.
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I1V. DiscussioN OoF REsULTS

A. Miscellaneous Reflectors

In Figs. 6 to 9 are shown typical polar distributions, in a horizontal
plane, of various wire arrangements. In some preliminary work on
the optimum spacing of two lineal rods (I1=119 centimeters) it was
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R
I T s 0 X
T et
HiH
Fig. 6—Radiation diagrams of single wire reflectors with loaded elements.
- = d=0.214); 1=77 cm
————— d=0.234\; =77 cm

d =antenna-reflector separation; I =length of rods. Radiation of antenna
(current in receiver) without reflector shown by circles.

-

P
SE
=]

Fig. 7—Radiation patterns of two-wire reflectors.
_— d=0.262X; S;=0.338%; I= 77 cm (loaded)
————— d=0.305X; S2=0.338); 1=119 cm (lineal)
S;=separation between elements; I=receiver current. Circles show radia-

tion from antenna alone.
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Fig. 8—Radiation patterns of three-wire (trigonal) reflectors.

d=0.248); S:1=0.535X; [=119 cm (lineal)
————— d=0.305); S1=0.520x; l= 77 cm (loaded)
Si=element antenna separatlon (see Fig. 5).

7 N L
7 L LTt 1~r1r+ ‘ f‘\%o
3
3 "f + *’f)/ «
~d Ty T‘T\

Fig. 9—Four-wire (trapezoidal) reflectors with loaded elements,

a(y) S1(\) Sa(N\) !l (cm)
L s 0.262 0.52 0.339 77
_____ 0.264 0.52 0.244 77
_____ 0.254 0.52 0.143 77
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found that the energy distributions were practically of the same order
for values of d ranging from 0.214 X to 0.33 \. Indeed, in many tests,
as d (antenna-reflector distance) was varied in the neighborhood of
optimum separation, the receiver current was found to be constant for
changes in d as much as eleven centimeters (A =250 centimeters). This
cffect may be considered a “phase-amplitude equivalence” and repre-
sents a condition in which the partial destruction of the phase relations
existing between the two fields necessary to establish optimum for-
ward radiation, is compensated, as the reflector rod is brought nearer
the antenna, by the stronger current induced in the reflector.

TABLE I

DEPENDENCY OF THE F1ELD CHARACTERISTICS ON THE NUMBER, SEPARATION,
AND LENGTH OF ELEMENTS IN PARABOLIC ARRAYS

n S 1 a M & ﬂ%
27 17.8 109 1.49 4.6 8.2 13.5
27 17.8 119 1.49 5.3 9.2 5.95
27 17.8 71* 1.49 5.6 6.9 18
27 17.8 77* 1.49 6.4 9.3 13.4
27 17.8 122* 1.49 0.7 10.7 0
27 10.2 119 0.982 4.3 6.7 10.3
27 10.2 109 0.982 4.5 7.2 19.5
19 25.4 109 1.47 4.4 7.7 17.2
19 25.4 119 1.47 4.3 7.1 8.9
17 30.5H 119 1.47 6.3 10.9 2.63
17 30.5 73.06* 1.47 4.2 7.9 23.8
17 30.5 77 1.47 3.5 6.9 19
17 16.3 73.6* 0.844 3.4 6.1 24 .4
17 15.3 119 0.844 4.8 7.8 3.4H
15 35.6 100 1.57 4.2 7.8 18.5
15 34.2 119 1.57 4.9 9.4 7.05
13 40.6 119 1.54 6.3 12.3 2.63
13 40.6 73.6* 1.54 3.9 7.5 25.0
13 40.6 77" 1.h4 3.5 7.8 16.5
13 30.5 77+ 1.2h 3.3 7.2 20.5
11 40.6 119 1.34 H.8 9.8 2.86
7 81.3 119 1.53 6.3 0.6 2.03
7 81.3 73.6" 1.53 h .1 20
7 81.9 7T 1.53 3.7 7.8 11.4
7 81,53 119* 1.53 H.6 11.3 6.1
H 81.5 119 1.07 5.4 8.0 3.0
i) 81,9 75.6* 1.07 4.5 6.2 12.2
H 81.5 77" 1.07 3.9 6.8 10
H 81.5 119 1.07 4.0 9.4 10.9

* Loaded clements,

When two rods were introduced behind the antenna the value of d
remained sensibly at 0.26 X as the separation of the clements was
varied from 0.338 X 1o 0.092 \, the greater receiver currents obtaining,
however, for the larger soparations. 1t should be noted here that the
value of d was separalely maximized for cach arrangement of the
reflector array before the radiation pattern was determined; L., with
any change in [, n, or Sy, that value of d was determined which gave
maximum forward cffeet.™
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Fig. 9 shows the radiation patterns for a trapezoidal array of ele-
ments. The superiority of these reflectors over the plane reflectors
used here may be due to the quasi-parabolic arrangement of the four
wires in the former.

B. Plane Reflectors

The plane reflector diagrams obtained in these tests, of which Fig.
10 is typical, show the manner in which the number, spacing, and
length of reflector rods affect the value of optimum d. The superiority
of the 3- and 5- wire reflectors may be attributed to the relatively

Fig. 10—Radiation patterns for plane arrays of reflector elements.

n S (cm) d(N) ! (em
_—_— 17 24.7 0.264 8(1.3)
————— 9 49 .4 - 0.244 81.3
—_—— = 5 96.5 0.204 81.3
.......... 3 96.5 0.183 81.3
n=number of elements; S=element separation. >

smaller mutual (loading) effects of the wires, in virtue of the larger
values of S. The rods, for the larger separations, are permitted greater
freedom to oscillate at resonant frequency with, consequently, more
favorable effects. By proper selection of the wire length, the patterns
may be considerably improved with eloser spacing of a greater number
of elements.® It is evident from those curves and others which have

18 The separation for minimum backward radiation is ot, i P
patible with that for maximum forward radiation. S0 US GO, G
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been omitted for economy of space that, in general, the optimum value
of d for maximum forward radiation will vary with the number, spac-
ing, and length of the elements. For many of the plane arrays, however
the value of optimum d was found not to be critical within plus or
minus 10 to 15 per cent. This may acecount for the value of d=0.20 A
prescribed by some investigators as the optimum distance for any
plane reflector.!®®7

C. Parabolic Reflectors—Section 1

Figs. 11 and 12 show typical polar distributions for parabolic re-
flectors with loaded and unloaded (lineal) elements in relation to the
reflector dimensions and characteristies. These data and those of the

Fig. 11—Radiation characteristics for parabolic arrays of reflector elements.

7 S (em) ! (em)

7 81.3 119 (lineal)
5 81.3 119 (lineal)
7 §1.3 119 (loaded)
5 81.3 119 (loaded)

Foeal length of parabola (f) =0.25\.

unpublished patterns are arranged in the accompanying table, where
the reflectors have been grouped according to the number of elements.
Since the entire polar distribution is shown, and in order to facilitate
comparison with previously reported values, the total directivity, §,
is here given.

The following conclusions may be drawn from these figures:

(1) The aperture of a grid reflector is not, in general, a “figure
of merit”’ of its performance, since it is possible to alter the amplifica-
tion, directivity, and back radiation of reflectors with constant aper-

19 Tartarinoff, Jahr. der draht. Tel., vol. 28, p. 117, (1926).
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ture, by varying the number, length, and separation of the elements.2
(2) The amplification (u), directivity (), and the backward radia-
tion (8) vary in a complicated fashion with the length and spacing of
the elements. For small values of S the beam characteristics are, on the
average, better with the longer elements, and vice versa.
(3) Minimum backward radiation is not necessarily coexistent
with maximum amplification and directivity.

These conclusions will be presently discussed in connection with
the data of Figs. 16 to 21. At this point, however, it is interesting to
compare the results obtained here with those of Gresky, in the pre-
viously cited work. Gresky (\=298 centimeters) found, using a re-

Fig. 12—Radiation diagrams for parabolic arrays showing the effect of reflector
element length,

n S (ecm) 1 (cm)
= .. 27 17.8 122 (loaded)
————— 27 17.8 77 (loaded)
————— 27 17.8 71 (loaded)
J=0.25\; n=number of elements. Circle shows radiation of antenna without

reflectors.

flector of f=0.27)\, [=300 centimeters, n =57, ¢ =1.48%, and S=10
centimeters, the following maximum characteristics: u= 12,6 =10.44,
B=1.68 per cent.

The following optimum arrays selected from the table may be
compared with these values.2

20 [t will be seen later, however, that with constant length and spacing of
elements, the directivity and forward radiation are practic.a,%ly propoll‘aciona% to
the aperture over a limited range, while the backward radiation varies inversely
with the opening.

2 In the 27-wire array the loaded elements were equivalent to a length of
eIa.bout 180 ceélltirtl'leters, otr 71(1) cerfltimeters shorter than thqe full wavelength %alue.
t is reasonable to expect, therefore, considerable impro i i ivit
and amplification with the use of 2’50-centimeter rogs. V0RO
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TABLE 11

n S l a p 8 8%
27 17.8 122* 1.49 9.7 10.7 0

17 30.5 110 1.47 6.3 10.9 2.63
13 40 6 119 1.54 6.3 12.3 2.63
11 40.6 119 1.34 5.8 9.8 2.86
7 81.3 110 1.53 6.3 9.6 2.63
5 81.3 119 1.07 5.4 8.6 3.00

* Loaded clements.

In connection with paragraph (2) above, it was found by Gresky
that sharply defined minima in the amplification of parabolic arrays
occurred when the length of the elements was approximately 0.50A.
Trom his curves, the amplification for a parabolic array, a=1.48\
(S=10 centimeters) decreased about 26 per cent as the wire length
was increased from 0.435X to 0.50), increasing again about 28 per cent
ae the wires were further lengthened to 0.537\. For a value of S=40
centimeters, over the same range, the amplification dropped first 25
per cent then increased 19 per cent. The directivity, however, for S=10
centimeters continued to increase, while the back radiation decreased.
Tor plane reflectors, he observed similar variations in the neighborhood
of 1=0.536\.

The relatively poor characteristics for the plane reflectors, and for
the parabolic arrays comprising the loaded elements, 71.1, 73.6, and
77 centimeters, shown in the table, may, on the basis of these observa-
tions, be accounted for. The wavelength of a double end-loaded cle-
ment may be computed, approximately, from the Telation,??

N =211+ 9d

I=1length of loaded clement, d =diameter of end plate. If we assume
a proportionality factor (K) of 2.1 in the relation,

A = Kl

lo=1length of unloaded clement, the equivalent resonant lineal length
of the loaded clement is, approximately,

lo =1+ 4.285d.

']<'or""'t}|(;5(: tests, d=12.57 centimeters, therefore, lo=1-4-53.9. This
amounts Lo, for the 71.1-, 73.6-, and 77-centimeter rods, respectively,
cquivalent, unloaded lengbhs of, 0.50%, 0.51\, and 0.52), values, all
lying within the minima regions. Tt was found, on the other hand, that
for two groups of parabolic arrays, having cqual numbers and separa-
tion of clements, more favorable distributions obtained for [=119
centimeters (04760 than for 1=109 centimeters (0.435)).

2 Nugy, K.N.T., Bd. 11, p. 309; September, (1934).
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Parabolic Reflectors—Section 2

Figure 13 shows a typical family of distributions in the sector, 270,
0, and 90 degrees, with variation of aperture and wire spacing for para-
bolic arrays of loaded elements. By plotting percentage values, as
shown, the change in beam shape (forward sector directivity) may be
readily noted. The conventional definition of directivity, §, may result,
in view of the many possible polar configurations, in the specification
of an array wholly unfavorable for the requirements of a directive

e % e S Mawaea.
HEEE :
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=% 4
2
z
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2’ %
% gy oy
7“:"?.#‘

Fig. 13—Family of patterns for parabolic reflectors showing the effect on the
forward sector radiation with variation of the reflector aperture.

n a(d)
_— 25 1.120
————— 21 0.975
''''' 17 0.813
e S 9 0.440
————— 5 0.228
......... 3 0122

Focal length of reflector =0.21); separation of elements (8) =15 c¢m; length
of elements (1) =119 e¢m (loaded); n=number of elements; a=aperture in
wavelengths. p=receiver current in per cent of the maximum value (o).

9
system. In the table previously given, for example, the following may
be found:

TABLE III
n 13 8 8%
b ol 7.1 8.9
17 4.2 7.9 23.8
15 4.2 7.8 18.5
5 3.3 6.8 10
13 3.3 7.2 20.5
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Comparing the first three arrays with practieatly equal p’s, it is ohvi-
ous that, if & minimum in the haekward radiation is of prime impor-
tanee, the direetivity as commonty defined is no eriterion.” Comparison
with the Iast two shows, also, that the greater diveetivity is obtained for
the array having the greater baek radiation. Speeifving the forward
seetor direetivity, A, serves to delineate, on the other hand, the general
shape of the beam effcet quickly. The other portion of the pattern
contained within the scetor 90, 180, and 270 degrees (haeckward dis-
tribution) may then be specified, hoth as a ratio of the forward heam

I T O O O A A
SEEEEENNRREE
S b R
=V R ,
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< 20, | N, i -
NN b N 7
R N “\'\‘ F T e e
, T
TN i
Nt
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20 s 120 135 120 15 i2)
R~ Jegrees

Fig. 14—Lateral and back radiation for the reflectors of Tig. 13. The ordinates
are recciver current vahies in per cent of the maximum forward radiation

(Io).
n a
——- —5— 25 1.12
— 21 0.975
—— e — 17 0.813
R 13 0.635
——— 0 0.440
S 5 0.228
.......... 3 0.122

S=15 cms
All elements untuned end-loaded.

area to the area of the backward distribution, and another numeric
expressing the maximum value of the backward distribution in per
cent of the forward radiation; i.c., a number triplet.

TFig. 14 depicts the lateral and back radiation for the arraysof I'ig.
13, while Tig. 15 shows, for a similar group of arrays with a thirty-
centimeter separation of elements, the appearance of secondary beams

8 Conclusion (3), Section 1.
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or lobes of radiation. The curves were plotted on rectangular co-
ordinates, apart from the corresponding polar curves, in order to
permit a detailed inspection of the forward, lateral, and backward char-
acteristics.

Finally in Tigs. 16, 17, and 18 arc shown, respectively, the forward
radiation (0=0), backward radiation and the directivity for parabolic
reflectors comprising lineal elements (=119 centimeters; f =0.25));
as a function of aperture with the element separation as parameter,
while Tigs. 19, 20, 21, show, similarly, the characteristics for parabolic

§ 50 l

i.\° N

40

< \

§5o

3

N

& 20

Y

g .."- T — ~

Q o> <
AN e ~L
S ey wrntditfF

0 —— .
90 105 120 135 150 65 180
@ degrees

Fig.15—Lateral and back radiation for parabolic reflectors showing the forma-
tion of diffraction fringes (radiation lobes) in the sector 120, 180, and 240 de-
grees. f=0.21\; a=aperture; S=separation of elements. @=angular dis-
placement of reflector from zero to 180-degree axis.

n a
_— 17 1.38
_— 15 1.26
----- 13 1.12
——e— e 11 0.975
—_————— 9 0.813
————— 7 0.635
.......... 5 0.4:40
—_— 3 0.228
S=30 ems

All elements end-loaded.

arrays of loaded elements (f=0.21x; 1=119 centimeters). The re-
mainder of the paper is given over to their consideration.

The tests on these grid reflectors were carried olt, not with the
purpose of establishing optimum dimensions for the various arrays,
but to examine the dependency of the beam characteristics on the
aperture. The broken line curves of Fig. 16 show, for example, that
the amplification affordable for various separations of the elements,
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Fig. 16—Dependency of the forward radiation (receiver current o, for 0 =0 de-
grees) on the aperture of parabolic reflectors for various separations of lineal
clements.

f=0.25\; 1 =119 cm; a=aperture.

—_— S=10.2 cm
—_———— S=17.8 cm
————— S=25.4 cm
e 5 =35.6 cm
————— . S=45.7 cm
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Fig. 17—Back radiation () in per cent of forward radiation as a function of aper-
ture and wire separation for parabolic reflectors.

f=0.25X;1=119 ecm (lineal)

_— S=10.2 cm
_—— S=17.8 cm
————— S=25.4 cm
————— S=35.6 cm

.. S=45.7 cm
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through increase of the aperture, may not be a simple monotone in-
creasing function of the latter, but may actually show a diminution

|
T ALY
/ é_—
4 . ;”‘2&
? ,_./_,{r/";’
D3
$ .
I
N
; |
0 |

0 0.2 4 b 8 10 L2 4 16
Aperture ~ wovelengihs

Fig. 18—Dependency of forward sector directivity on the aperture for the para-
bolic reflectors of Figs. 16 and 17.

.......... S8=10.2 cm
_____ S=17.8 cm
- S=25.4 cm
_____ S8=35.6 cm
_____ S=45.7 ¢cm
05

BN

(<]

N

Forward fadsation - /,_, uthamperes
X i

0
1.2 .3 4 9 6 7 .8 9 10 1f 72 13 £ 15
Aperture~ wave fengths

Fig. 19—Variation of forward radiation with the aperture and wire separation
for parabolic reflectors comprising loaded elements.
J=0.21%;1=119 em. The unconnected traces plotted to the ordinates on the
right indicate the variation of the field intensity with the aperture.

S=15cm
————— S=30 cm
————— S =45 cm
— e 4 s S=600m

_— — Receiver current without reflectors.
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for some inerements of aperture?t Considerations of phase conditions
indieate an explanation of this effeet. When the aperfure is inereased
by the addition of an element to each hraneh of the parabola, the
phases of the fields due to the clements may be such that part of the
forward radintion is nullified; i.c., the elements radiate unfavorably
“into” the outeoming ficld due to the antenna and the elements in the
vieinity of the vertex. Addition of more clements compensates for
this deerease, until another unfavorable aperture value is obtained.
The amplifieation, therefore, must approach a limit when, with the
further addition of wires, the fields of the outermost members, in con-

>
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BacK Radiation ([+1,) 100
= .

! i i
6 7 & 9 10 1B e
Apcrivre ~ wove Tngihs
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Fig. 20—Back radiation in per cent of forward radiation for the reflectors of

Fig., 19,
[ S=15cm
I S =30 cm
[ S =45 cm
_ - S =60 cm

sequence of wealker induced currents, contribute immaterially to the
total radiation. The directivity (Figs. 18 and 21) must, likewise, fall
off, while the back radiation, determined principally by the clements
in the vicinity of the vertex, decreases only slightly for further in-
creases of aperture.

Tig. 16 shows that the forward radiation is a maximum approxi-
mately in the region, 1.4-1.5\. Both Gresky and Kohler found no in-
crease in the amplification for values of aperture greater than 1.5\,
although the latter, using cylindrical parabolic sheets, found improved

2 Conclusion (1), Section 1.



252 Nagy: Parasitic Wire Reflectors

characteristics with large apertures (2\-10\) by displacing the antenna
from the focus (f=0.27\) to positions given by the relations, M(0.27
+k/2), k=1, 2, 3. ... For the reflectors with loaded elements (Fig. 19),
no definite conclusions concerning a maximum can be drawn, since
the value of aperture was not sufficiently extended.

In respect of the back radiation, Figs. 17 and 20 show that the
greatest rate of change occurs up to approximately 0.8)\, with rela-
tively small variation beyond this value. For lineal elements, over the
greatest range of apertures, the amplification and directivity are seen
to be most favorable for =356 and S=25.4 centimeters, while
minimum back radiation obtains for apertures greater than, about,

5
-
7
< 4 =
’ ‘ /’/9/:’/
e e
3 =
N ik
§ 2 //‘ //
[Q //
7
0
0 0z 4 ) G 10 12 /4

Aperture ~ wavetengths

Fig. 21—Dependency of forward sector directivity on the aperture and wire
separation for the reflectors of Figs. 19 and 20.

S=15cm
_—— S=30cm
=45 cm
=60 cm

S
—_————— S

0.5%, for §=17.8, and S=25.4 centimeters. For the loaded elements,
S=30 and S=45 centimeters appear to be the optimum spacings over
the greatest range; for minimum backward radiation (Fig. 20) the
superiority of the smaller separations is in evidence.

From the foregoing it can be seen that theoretical treatment, in
view of the unknown phase and amplitude conditions in an array of
parasitic wires, would lead to intractable mathematica] relations. Since,
moreover, experimental determinations on these arrays present no
great difficulty, rigorous theoretical consideratio
would seem unwarrantable.

An interesting formula, however, has been derived by F. Ollen-

ns of such systems
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dorff,? for the ficld strength in a horizontal planc of a parabolic array
of vortical clements. He replaces, mathematically, the cffeet of the
reflector at the aperture by a sheet of clectric intensity carrying a cur-
rent of constant amplitude, 7, and shows that the magnitude of the
clectric field is given by

(1

€mnax —

hi \: sin (27b/\-bsin ) ]

weor sin ¢

where,

T length of reflector clement

7 =current density

eo = diclectric constant of vacuum

r=distance from center of aperture to the receiver

a=velocity of light

b=half aperture of reflector

¢ =angular displacement of reflector from zero-degree position.

To examine qualitatively the dependence of the forward radiation
of the aperture, ¢ is made zero and €mpqyx I8 expressed as a function of
b. Tor =0, (1) becomes indeterminate. Writing K for hi/mweqar and
diffcrentiating numerator and denominator separately, there results

_cos (2ab/\-b sin ¢)-2wb/\ cos ¢

max — I 2
€ cos ¢ @

which, for ¢ =0 and k= 2=/, reduces to,
€max = k. (3)

Within the ranges of aperture shown in Figs. 16 and 19, this relation
is qualitatively satisfied. Since the theory does not contemplate ele-
ment-antenna phase relations, however, (3) fails to indicate a maximum
in the neighborhood of a=1.5\. Iiquation (1) shows the field intensity
to be proportional to the length of the reflector element. It was pointed
out, however, that the amplification was a complicated function of
(1), passing through a sharp maximum and minimum between
1=0.403\ and 1=0.536\.%¢

From the table previously given, and the results in Figs. 16 and
19, it is evident that, for constant wire length, the amplification is a
function, not only of the aperture, but with constant aperture, the
separation of the elements. The formula should be most accurate for-

2% “Die Grundlagen der Hochfrequenztechnik,” p. 600, published by J.
Springer, Berlin, (1926).

2 Gresky, loc. cit. Gresky also found about equal maximum effects for
1=X and 1.5A and minimum effects for I =2\,
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those arrays, therefore, which produce effects simulated by metallic
sheets; i.e., for S=2/30,26 S=)/40.27 On account of the assumptions in-
volved in the derivation, the formula cannot be examined in respect
of the back radiation (¢ =180 degrees).
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A METHOD FOR DETERMINING THE RESIDUAL IN-
DUCTANCE AND RESISTANCE OF A VARIABLE
AIR CONDENSER AT RADIO FREQUENCIES*

By
R. I. FieLp

(General Radio Company, Cambridge, Massachusetts
AND

D. B. SincLAIR
(Massachusetts Institute of Technology, Cambridge, Massachusetts)

Summary—1When using a variable air condenser as a reactance standard al
radio frequencies it is important to know the variation in cffective capacitance and.
power factor with frequency. The procedure outlined in this paper furnishes a method
for the measurement of the residual impedances causing such variations. A qualita-
tive discussion of the sources of both residual inductance and resistance is presented.
The residual inductance is largely localized in the leads and stack supports. The
residual resistance may be considered as made up of a conduclance caused bJ di-
electric loss and a resistance caused by ohmic and eddy-current loss. It is pointed
out that all these residual parameters tend to remain constant at a single frequency,
irrespective of capacilance setting.

The procedure for determination of the residual parameters depends upon the
measurement of a fized condenser by a substitution method, using the vartable con-
denser Lo be studied as standard. At a single frequency the residual inductance of the
standard condenser causes a deviation in cffective capacilance from the static value
which depends upon the setiing. The residual resistance caused by ohmic and eddy-

current loss causes a variation in effective conductance which also depends upon the
setting. If the capacitance and conductance components of the fixzed condenser be
measured over different ranges of the scale of the standard condenser there will there-
fore be an apparent variation in their values. Inlerprelation of these irends yields
the magnitudes of the residuals causing them. Similar measurements with a series
substitution method may be used to evaluate the residual conductance caused by di-
electricloss.

Plots are included illustrating the procedure and giving typical values for the
residual parameters. It is pointed out thal error in the effective capacitance caused
by inductance may reach ten per cent at siz megacycles for a representative vartable
condenser sel at 1100 micromicrofarads and that the metallic losses may be greater
than the dielectric losses at a frequency as low as one megacycle.

INTRODUCTION
N making electrical impedance measurements by comparison
methods, it is of primary importance to know accurately not only
the magnitudes of the standard impedances used but also the
phase angles. While ideal resistance or reactance units, having exactly

* Decimal classification: R230 X R240. Original manuscript received by the
Institute, September 26, 1935. Presented before joint I.R.J.-U.R.S.I. meeting,
Washington, D.C., Aprll 26, 1935.
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zero- or ninety-degree phase angles, are valuable theoretical tools, they
are, of course, physically unrealizable. It is therefore necessary to ex-
amine any real standard for departure from perfection because of
internal residual impedances.

This is particular]y true when making measurements at radio fre-
quencies, since the effects of residual inductances, resistances, and
capacitances tend to increase with frequency for a given circuit im-
pedance level. It is, in fact, the realization of the importance of these
residual parameters that has led to the development of many special
methods of measurement at radio frequencies not ordinarily used at
audio frequencies and to a search for standards of maximum purity.

As a continuously adjustable standard, the air condenser probably
approaches an ideal circuit element more closely than either induct-
ance or resistance units. It has consequently been widely used in radio-
frequency measurements, in some cases for the evaluation of unknown
reactance components only, and in others as a basic standard for
measurements of both resistive and reactive components. ,

In much of the early work in this field the residual components of a
variable air condenser were considered negligible. With increasing de-
mand for more accurate measurements at higher and higher fre-
quencies, however, this assumption has become untenable. In recent
years there has consequently been considerable interest in the measure-
ment of phase defect of variable condensers. While much excellent
work has been done in determining resistive components, there does not,
appear to have been a corresponding study of the residual inductance.
Since this is of great importance in its effect on the apparent capaci-
tance, a simple method of measurement is of value. The procedure
outlined in this paper is believed to afford more comprehensive in-
" formation regarding condenser residual impedances than any other of
those which have appeared to date, in so far as it permits the separate
evaluation, at a single frequency, of the residual inductance and of the
two components of condenser resistance caused, respectively, by loss
in the dielectric supports and by loss in the metallic stack structure.

ANALYSIS OF RESIDUAL PARAMETERS

Before proceeding to a consideration of the method of measure-
ment used, it is desirable to attempt to isolate the sources of residual
impedances in a variable air condenser. A typical assémbly is sketched
in Fig. 1. :

Consider first the residual inductance. Charge enters at the bind-
ing post shown and flows down through the stator lead to the top
stator plate. At this point the current divides, a portion of the charge
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flowing out through the stator plate and back to the rotor and a por-
tion passing on down the lead to the second stator plate. Here another
division occurs and so on, the resultant current distribution in the
stator lead and stack support being of the form illustrated. This cur-
rent sets up magnetic flux in the plane of the plates, which, in turn,
gives rise to an inductive reactance. A similar current distribution exists
- in the rotor shaft and lead, which also scts up magnetic flux in the

ISOLANTITE

CURAENT
DISTRIBUTION

STATOR PLATES

ISOLANTITE

" Fig. 1—Stator lead and stack support of General Radio type 222-M precision
condenser and sketch of approximate current distribution for frequencies
sufliciently low so that the effective capacitance does not differ from its static
value by more than a few per cent.

plane of the plates. The current in and between the plates, however,
sets up very little flux, since it is diffused over relatively large areas,
- and since the plates exert a shielding action. The major part of the
residual inductance is therefore localized in the stator leads and sup-
ports, with the plates contributing only a small fraction. This means
that, while presumably the current distribution in the plates changes
radically as the rotor is turned, the over-all inductance remains rela-
tively constant. On this assumption the condenser may be represented
electrically by the circuit of Fig. 2.

Fig. 2—Equivalent circuit for variable condenser including the residual induct-
ance.
Li, Ly =inductance of leads to stator and rotor.
I, =inductance of section of stator stack support between any adjacent
pair of stator plates.
I, =inductance of section of rotor shaft between any adjacent pair of
rotor plates.
c =st]atic capacitance between any stator plate and one adjacent rotor
plate.

A recurrent circuit of this type has, of course, multiple resonances,
the number of which depends upon the number of sections. IFor fre-
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quencies low enough so that the effective input capacitance does not
depart by more than a few per cent from its static value, however, the
condenser may be approximated with sufficient exactness by the sim-
ple circuit of Fig. 3.

LC
—

Tig. 3—Simplified equivalent circuit for variable condenser
including residual inductance.
L =total residual inductance.
C =total static capacitance.
It follows that, for small deviations in effective capacitance from
the static value, the law of variation is

C
Co=— (1)
1 — o2LL.C
where C, is the effective capacitance, C' the static capacitance, and L
the total residual inductance. The action of the inductance is obviously
to increase the effective capacitance over the static value by an amount
which depends upon both the frequency and the capacitance setting.
Turning to a consideration of the losses in the condenser, it is clear
that these may be considered as made up of two components, namely,
the hysteretic loss in the dielectric supports and the joulean loss in the
metal structure. These may conveniently be thought of as producing -
two dissipative components, the one a conductance caused by dielectric
loss and the other a resistance caused by metallic loss.!

L 1 le 1 ]
GT% c% Cg; C:% C%E C% cg %Gs
L, 1, v t
Fig. 4—Equivalent circuit for variable condenser including residual inductance
and residual conductance caused by dielectric loss.

Gr, Gp=conductance components caused by loss in solid dielectric supports
at top and bottom of stator stack,

In most variable condensers, the diclectric supports lie in an elec-
tric field which does not depend upon the position of the rotor but
simply upon the voltage. The corresponding conductance component
may therefore be safely assumed constant at any one frequency. In the
particular condenser studied in this investigation there are six iso-
lantite supports, three at the top and three at the bottom. Consider-
ing them as conductances the equivalent circuit of Fig. 2 may now be
extended to take into account dielectric loss as shown in Tig. 4.

1R. M. Wilmotte, “Thq comparison of the power factors of condensers,”
Wireless Engineer and Experimental W wreless, vol. 6, p. 656; December, (1929). .




Ficld and Sinclair: Variable Air Condenser 259

Tor small deviations in cffective capacitance this circuit may be
~ simplified as before, and the condenser approximately represented as
in I'ig. 5.

26

}

" Tig. 5—Simplified equivalent circuit for variable condenser including residual
inductance and residual conductance caused by dielectric loss.

G =total residual conductance.

o 1]

The effective input resistance of the condenser then follows the
approximate law
G
(«C)®

where R, is the cffective resistance and G the residual conductance.
The dielectric loss is seen to introduce an effective resistance com-
" ponent which varies inversely as the square of the capacitance. For
solid diclectrics it has been experimentally shown that, in general, the
loss per cyecle is approximately constant, irrespective of frequency, at
least up to 75 megacycles per second.” G/w will thercfore be constant
and the resistive component will vary inversely with frequency.?

The metallic loss will, of course, oceur in any portion of the metal- -
lic assembly in which current flows. There is reason to supposc, how-
ever, that it is largely caused by contact resistance“at the washer-to-
plate contacts in a bolted assembly and to sliding contacts at the rotor
shaft.4 The change in series resistance with rotor displacement is there-
fore small despite the change in current distribution in the plates.

Assuming constant effective resistance components caused by
metallic losses, the circuit of Fig. 4 may be completed by inserting in
serics with every inductance component the corresponding resistance
component. As before, this circuit may be simplified for small devia-
tions of effective capacitance. The approximate equivalent circuit for
a variable condenser, when all internal residual impedances are con-
sidered, is illustrated in Fig. 6.

R, = (2)

2 J. G. Chaffee, “The determination of dielectric properties at very high
frequencies,” Proc. L.R.E., vol. 22, pp. 1009-1020; August, (1934); H. Kessler,
“Messungen an festen technischen Isolierstoffen bei 3-108—7, 5-107 Iertz,”
Hochf. tech. und Elelktroakustik., vol. 45, p. 91; March, (1935).

3 This is equivalent to the more common statement that R.»C?is a constant,
where R, is the effective input resistance. Cf. C. T. Burke, “Substitution method
for the determination of resistance of inductors and capacitors at radio fre-
quencies,” Trans. A:I.E.L., vol. 46, p. 482; May, (1927).

+ W. Jackson, “The analysis of air condenser loss resistance,” Proc. I.R.E.,
vol. 22, pp. 957-963; August, (1934).
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The admittance of this circuit is given with sufficient exactness
by the following formula: :

wC
7o— ; = Y 2 | 3
Y =G, +juC. = [G + R(wC)?] +j [1 — wQLC:I @

where I is the residual resistance caused by metallic loss, ¢! the residual
conductance caused by dielectric loss, I the residual inductance, and ('
the static capacitance.

Tig. 6—Simplified equivalent circuit for variable condenser including
all residual parameters.

R =total residual resistance caused by ohmic and eddy-current losses in the
metallic structure.

The corresponding impedance is ap roximated’ by the expression
p g y

Z=Rc—ji—”=[ﬁ+G<-§>2J—j[—f——wLJ (4)

where S is the static elastance.

The residual inductance is seen to cause fractional error in the
effective capacitance and elastance which is dependent upon hoth fre-
quency and rotor setting. The residual resistance caused by metallic
loss introduces an effective conductance component 2(wC)?, which is a
function of both setting and frequency; or conversely the residual con-
ductance caused by dielectric loss introduces an effective resistance
component G(S/w)?, which is also a function of both setting and fre-
quency. As may be seen from the equations, the dielectric loss com-
ponent predominates at low frequencies, the metallic loss component,
increasing in relative significance with the frequency.

Errecr or RESIDUATL PARAMETERS 1N MzasuriNg CircUrTs

TFor precise measurements, a variable condenser standard is ordi-
narily used in substitution methods in which jt remains permanently
in circuit. The absolute magnitude of residual effects is therefore of
less interest than the change with rotor setting, ’

Consider first the change in admittance, at a single frequency, when
the rotor is moved from a position 1 4o another position 2. In terms of

the capacitance and conductance components this may be expressed
as follows:
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C: C c,—C
AC, = C,, — C., = : ’ S (5)

1 — w2L01 - 1 — wQLCg: 1 - wQL(Cl 'Jr 02)
AG, = Go, — Gy, 2 R[(0C1)? — (0C4)?] = Rw?(C1 — C2)(C1+ Cy). (6)

The percentage error in capacitance increment caused by the in-
ductive residual, instead of being equal to the average error at the
initial and final settings as might be surmised, is_actually more nearly
equal to the sum of the errors at the two positions. The variation in
effective conductance depends directly upon the change in the square
of the capacitance.

The corresponding change in impedance, when expressed in terms
of its clastance and resistance components, becomes

AS, = 8., — S, = S1 — Sy (7)
S1 2 S2 2
e (3~ (3
w w
' G
= — (51— S (51 + 8. (8)
w

As regards the elastance increment, since the residual inductance is
a constant series element, there is no error introduced in taking dif-
ferences in static elastance. The variation in effective resistance de-
pends directly upon the change in the square of the elastance.

In a parallel substitution method there may thercfore be errors in-
troduced into the measurement of both susceptive and conductive
components. In a series substitution method there may be errors in
evaluation of resistance. There is, however, no appreciable error in
reactance measurements caused by internal residual parameters.

Because of parasitic circuit impedances inherent in any physical
setup there will, of course, be other errors introduced. This is particu-
~larly true of the series substitution method. FFrom a practical stand-
- point there will always be introduced a capacitance to ground by the
- unknown impedance to be measured or by its mounting. This capaci-
tance, appearing across the standard condenser terminals, causes an
- error in eclastance measurement of a similar nature to the error in
- capacitance measurement caused by the residual inductance. Thus, if
- 6C be the residual shunt capacitance,

S
S, = ——
1+ (50)S
and,
A = AS’1 SQ —~ Sl — Sg

_ ~ NG
14 (3C)S, 1+ (80)S: 1+ 6C(S; + Se) ®)
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MerrHOD OF MEASURING RESIDUAL PARAMETERS

The errors formally expressed in (5), (6), (8), and (9) all depend
upon the rotor setting at a single frequency. If a fixed condenser be
measured by a substitution method, the apparent values of the capaci-
tance 'and conductance, or susceptance and resistance components
therefore vary with the initial setting of the continuously adjustable
standard. In such measurements the foregoing equations take the fol-
lowing form: _

(a) For a parallel substitution method, where C, and G, are the
capacitance and conductance components of the unknown fixed con-
denser and AG, the change in circuit conductance with the fixed con-
denser in and out of circuit,

B Ci — Cs
1 — W2L(Cy + Cy)
GJ; = Rw2(01 —_ 02) (C1 + 02) —_ AGQ ng2CI(Cl + 02) — AGQ (63/)

(5a)

C. = AC,

(b) Tor a series substitution method, where S, and R, are the elas-
tance and resistance components of the unknown fixed condenser and
AR, the change in circuit resistance with the fixed condenser in cir-
cuit and shorted,

St — Se

S: =AS, =
14 6C0S: + Ss)

(9a)

G G
R, = ;; (Sy — S2)(S1 + Se) — AR, %’—; Sz(S1 + S5) — AR,. (8a)
w

Mathematically the various residual parameters may be deter-
mined from two parallel substitution measurements and two series
substitution measurements. Practically, of course, since these measure-
ments can only be made with limited precision, it is desirable to take
several readings. With a number of measured values available, a con-
venient graphical analysis results if the data be plotted in the form of a
straight line. Equations (5a), (6a), (9a), and (8a) are readily adapted
to this form of analysis.

Taking C;4-C; as independent variable for (5a) and (6a), a plot of
C1—C, yields a straight line whose slope is —w?LC, and whose inter-
cept with the ordinate axis is C.. A plot of AQ, vields a straight line
whose slope is Rw?C, and whose intercept is —G..

Taking S:+.S; as independent variable for equations (9a) and (8a)
a plot of S;—.S; yields a straight line whose slope is 6CS, and whose in-
tercept is S;. A plot of AR, yields a straight line whose slope is GS,/w?
and whose intercept is — R,. '
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These plots permit rapid averaging of data which are not entirely
sclf-consistent beeause of limited precision of measurement. They also
serve as a check on the validity of the assumptions made, since any
consistent variation in the residual quantitics with rotor setting will
cause a corresponding deviation {from a lincar relation.

The measurements themselves may be readily carried out by the
various resonance methods developed for determination of total cir-
cuit resistance.® The resonant settings of the standard condenser with
the fixed condenser in and out of circuit determine Ci, Ce, Si, and Se.
The measured change in circuit resistance yiclds values for AGGo and AR,.

Measurements may also be made with a Schering bridge designed
for high-frequency operation. In this case Cy, Cs, Sy, and Sz are deter-
mined from the balance settings of the standard condenser. Instead
of resistance, however, the ehange in power factor, or more preeisely in
the ratio /X, is read dircetly from a dial. When using such a bridge
for measurement, (6a) and (S8a) may be rewritten in the following form

~ for the sake of convenicnee in interpreting data:

CiADg = RwCo(Cy 4+ Ca) — D.C, (6h)
'S
SlA])Q = — (Sl + SQ) - ]).er (Sb)
w

where AD, is the echange in ratio R/X =G/B for the circuit when the
fixed condenser is in and out and D, is the ratio R./(S:/w) =G:/wC-.

Plotting C:AD, as a function of C14C. there results a straight line
whose slope is RwC. and whose intercept is —D.C.. Similarly, plotting
S,AD, as a function of S;+.S. there results a straight line whose slope
is GS./w and whose intercept is —D.S..

ExXPERIMENTAL RESULTS

Typical plots of data taken by a resonance method at a frequency
of 1.5 megacyeles for a General Radio type 222-M precision condenser
arc shown in Tigs. 7, 8, 9, and 10. The corresponding residual param-
eters found from these graphs are

L=0.0604 microhenry®
R=0.017 ohm

6C = 2.4 micromicrofarads
G=0.210 micromho.

5 E. B. Moullin, “The Theory and Practice of Radio Irequency Measure-
ments,” second Ed., pp. 259-285, Charles Griffin and Co., Ltd., London, 1931;
S. L. Brown and M. Y. Colby, “Electrical measurements at radio frequencies,”
Phys. Rev., ser. 2, vol. 29, p. 717; May, (1927).

¢ This value compares with an estimated figure of 0.053 microhenry calcu-
lated from the dimensions of the leads, stator stack supports, and rotor shaft.
The simple formula for a short wire in free space was used. assuming all current
crowded to the surface of the conductors and distributed as shown in Tig. 1.
Considering the crudeness of the assumptions made in the computations, the
agreement with the measured value is remarkably good.
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The only one of these quantitics which ean be direetly compared
with fow-frequency measurements is the residnal conduetanee. On the
assumption of constant diclectric loss per eycele (//w should be inde-
pendent of frequency. Ihe measured value of this quantity at o fre-
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Fig. 7—7Plot for determination of residual inductanee of variable con-
denser at 1.5 megacycles.
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Tig. 8—Plot for determination of residual resistance of variable condenser
caused by metallic loss at 1.5 megacyecles.

1

R=— “slope =0.017 ohm.

o

?C;

quency of 1000 cycles was found {o check the 1.5-megacycle figure of
0.0223 X 102 within 0.5 per cent.
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The closencss of this check is, no doubt, somewhat fortuitous be-
cause of the scattering of the points on the 1.5-megacycle plot. This
scattering, noticeable in all these figures, is caused by the smallness of
the residual errors at this frequency. More preeise measurcments of G
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Fig. 9—Plot for determination of residual capacitance appearing
across condenser terminals at 1.5 megacyecles.
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Tig. 10—DPlot for determination of residual conductance of variable
condenser caused by dielectric loss at 1.5 megacycles.
w?
= ———.slope =0.210 micromho.

z

may be made at lower frequencies, while measurements of I and R be-
come casier as the frequency is raised. The increase of precision in the
measurement of inductance, for instance, is forcibly illustrated in Ifigs.
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11 and 12 which are plotted from data taken at frequencies of 8.0 and
9.0 megacycles.
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Fig. 11-——Plot for determination of residual inductance of
variable condenser at 3.0 megacycles.

Curve A: C.=91.2 micromicrofarads
L' =0.0593 microhenry

Curve B: C,=194.3 micromicrofarads
L.=0.0591 microhenry
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Fig. 12—Plot for determination of residual inductance
of variable condenser at 5.0 megacycles.

Curve A: C.=91.7 micromicrofarads
L =0.0589 microhenry

Curve B: ¢,=196.7 micromicrofarads
L =0.0593 microhenry
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Measurements taken at these two frequencies with different fixed
condensers are seen to yield values of L which do not depart by more
than +0.0002 microhenry from the average value of 0.0591 micro-
henty. Whether the difference between this figure and that obtained at
1.5 megacyecles is real or simply a result of the lack of precision at the
lower frequency has not yet been determined. There will certainly be
a variation in inductance with frequency because of skin effect in the
stator stack supports and rotor shaft, which might cause such a dis-
crepancy.
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i, 13--Plot for determination of residual inductance of variable condenser at
g : . .
1 megacycle. Data taken on radio-frequency Schering bridge.

1, =0.066 microhenry.

In Figs. 13 and 14 arc illusbrated plots for the metallic resistance
and residual inductance of a General Radio type 222-1 precision con-
denser. The data for these curves were oblained from measurements
made with o General Radio type 516-C radio-frequency bridge. The
constants determined from the slopes and intereepls are

1,=0.066 microhenry
12=0.023 ohm.

Both the inductive and resistive components are scen Lo bhe some-
what greater than those of the 222-M. This is presumably eaused by
the faet that the 222-1, has o longer effeetive current path and more
plates.
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Fig. 14—Plot for determination of residual resistance of variable condenser
caused by metallic loss at 1 megacycle. Data taken on radio-frequency

Schering bridge.
R =0.023 ohm.

IMPORTANCE OF RESIDUAL EFFECTS

The variation in effective capacitance caused by a residual in-
ductance of 0.0591 microhenry is plotted, for different frequencies and
static capacitances, in Fig. 15. These curves are directly applicable to
the type 222-M precision condenser. The measured inductance of this
condenser is constant for the high-frequency region where the resultant
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Fig. 15—Percentage vag'iatior_l in apparent capacitance from static value caused
by residual inductance of 0.0591 microhenry.
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increase in effective capacitance is large. Any small change in induct-
ance at the lower frequencies will not appreciably alter the capaci-
tance variation since the inductive effect is already small.

The maximum capacitance of this condenser is approximately 1100
micromicrofarads. For this setting, the variation in effective capaci-
tance from its static value is about 0.25 per cent at one megacycle and
about ten per cent at six megacycles. It is obvious that the condenser
must be used with caution at frequencies as lowas one megacyecle if cor-
rections are to be avoided. At higher frequencies it becomes essential to
correct for the effect of inductance in precise work.
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Tig. 16—Increments in capacitance and conductance cBmponents of variable
condenser caused by residual inductance and by residual metallic re-
sistance at 1 megacycle.

L =0.0591 microhenry. R=0.017 ohm.

The variation of input conductance is also of interest. At low fre-
quencies, where the diclectric loss predominates, the effective input
conductance is constant at a given frequency regardless of setting. At
higher frequencies, as has been pointed out, there is a component of
input conductance contributed by the metallic losses which varies as
the square of the capacitance. Ior the type 222-M condenser the con-
ductance component caused by dielectric loss at one megacycle was
found to be 0.14 micromho. The component caused by mefallic loss
at maximum selting was about 0.8 micromho. Iiven at onc megacycle,
therefore, the assumption of constant input conductance is scriously in
error. Fig. 16 shows the capacitance and conductance correction fac-
tors for the type 222-M condenser at a frequency of onc megacycle as
a function of static capacitance. '
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ArrENDIX

Precision Calibration of a Variable Air Condenser
at Low Frequencies
Capacitance

The measurement of the residual inductance of a condenser de-
pends upon precise capacitance measurements. It is therefore of the
utmost importance that the condenser to be tested be carefully cali-
brated for static, or, more strictly, low-frequency capacitance. With
accurate, continuously adjustable capacitance standards available,
such a calibration is most readily accomplished by a substitution
method. ,

The capacitance of any variable condenser may be conveniently
measured as the sum of two component capacitances;namely, the “zero
capacitance” at some reference setting, and the “incremental capaci-
tance” which must be added to the “zero capacitance” to obtain the
total capacitance at any other setting. The measurement of the zero
capacitance involves connecting and disconnecting the unknown con-
denser from the standard. It is sometimes difficult to do this without
causing a significant change in the capacitance of the necessary wiring,
with consequent error in the zero capacitance determination. The in-
cremental capacitance, however, may be determined more accurately
because the standard and unknown condensers may be left connected
to one another at all times and capacitance simply transferred back and
forth between them.

The type 222-M condenser used in this investigation is worm-driven
with a 25:1 reduction. Ten turns of the worm therefore cover an angle
of 144 degrees which is about the limit of the nearly linear range for a
semicircular plate condenser. The condenser is built up with sufficient
plates to give a capacitance increment of 1000 micromicrofarads
through this angle. A dial on the worm shaft, divided into one hundred
parts, and a dial on the condenser shaft, divided into ten parts, make
the condenser direct reading in micromicrofarads with each worm
division representing a one-micromicrofarad capacitance increment.

Proper alignment of the condenser assembly is sufficient to bring
the capacitance characteristic within a, tolerance of +1 micromicro-
farad of linearity. It is not ordinarily feasible to attempt to decrease
this tolerance to 0.1 micromicrofarad, although the dial reading may
be estimated to this figure when it is desired to utilize the full precision
of reading. It is therefore necessary to calibrate at even turns of the
worm to determine the extent of the deviation of the capacitance char-
acteristic from linearity.
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FFor precise work it is usually found that there is anotherirregularity
in the eapaeitanee charaeteristic which must be {aken into account.
This is the deviation from constaney in the worm ratio as the worm
roes through a complete turn, Such a variation may he eaused by slight
mechanieal imperfeetion in the surfaces of the worm gear and the
shoulder against. which it bears, and usuatly eauses amore or loss
sinusoidal deviation from linearity. The resulting eapaeitanee devia-
(ion is ordinarily small, of the order of 0.1 o 0.3 micromierofarad, but
may he signifieant in work of high preeision.

The ealibration of the condenser used in this investication was
earricd out at o frequeney of 1000 eyeles with two continuonsiy ad-
justable standards known to an aceuraey of 0.1 per eent. The zero
capacitanee and ineremental eapacitanee for each complete turn of the
worm were first measured by o substitution method with o standard
of about the same maximum eapacitanee as the unknown. The varia-
tion of eapacitanece through a single turn of the worm was then meas-
ured by a substitution method with a standard of about one tenth the
maximum capacitanece of the unknown. The bridge arrancement was
sufficiently sensitive so that the small standard could he set as elosely
as it could be read.

Plots of the “worm corrections™ measured are illustrated in g, 17,
At the ends of the seale the devintions from Hnearity are seen to be
somewhat greater than in the middle. This is caused by the efiect of
fringing superimposed upon the mechanical worm correction. Over the
major part of the scale the worm correction repeafs itself within the
limits of error, and subtraction of the average worm correction from
{he curves of eapacitance deviation at the ends shows the smooth
component caused by the nonlinearity of the condenser itself.

The final calibration of the condenser was self-consistent to 0.1
micromicrofarad at any point of the scale. This does not, of course,
mean that the condenser was calibrated to an accuracy of 0.1 micro-
microfarad at all points since this would require an aceuracy of 0.01
per cent at the maximum setting. Specifyving capacitance to 0.1 micro-
microfarad simply means that incremental capacitances are accurate
10 0.1 micromicrofarad or 0.1 per cent, whichever is the larger.

Conduclance

While making capacitance measurements on the condenser, data
were alse taken on the conductive component. Measurements of con-
ductance are ordinarily made under the assumption that the con-
ductance of the standard is constant. This is certainly true as regards
the conductance component caused by dielectric loss. The component
caused by metallic loss is negligible at this low frequency. There may,
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however, be a loss not previously considered. This occurs in dust layers
on the plates and causes a conductance component which varies di-
rectly with the capacitance. If such a loss occurs in the standard, in-
correct readings of conductance will be obtained.

It is interesting to note that, in measuring the conductance of a
variable air condenser, only the differential dust loss can be deter-
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Fig. 17—Corrections for deviation from linearity in condenser ealibration.
Cfulr\(r)e C is the average correction between a setting of 8.0 and a setting
of 1.0.

mined. That is, if both the standard and unknown condensers are
coated with equal layers of dust, the measured value of conductance
of the unknown will be constant and equal to the component caused
by the dielectric loss alone. If the standard be dusty and the unknown
dustless, the apparent conductance will decrease linearly with the
capacitance of the unknown. If the standard be dustless and the un-
known dusty, the apparent conductance will increase linearly with the
capacitance of the unknown.
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The standards used in calibrating the 222-M condenser were clean
and dustless. Fig. 18 shows the variation in the quantity G/w for the
292-M before and after the plates were carefully cleancd. It will be
observed that, within the limits of experimental error, the measured
conductance is constant when the plates are cleaned. This does not
show definitely that there is no conductance varying directly with the
capacitance but mercly that such a component is the same in both
standard and unknown. There is, however, no reason to suppose that
this component is appreciable when the dust has been carcfully re-
moved.
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Tig. 18—Change in cffective conductance of variable condenser at 1000 cycles
caused by dust between the plates.
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EDDY CURRENTS IN COMPOSITE LAMINATIONS*

By
5. PrrErsoN AND L. R. WRATIHALL

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

Summary—"The familiar theory of cddy current shielding leads to an ecxrpres-
ston for the impedance of a ferromagnetic core inductance coil in terms of the initial
permeability and resistivity of the core malerial, the core gecomelry, and the measuring
frequency. Measurcments on a number of different core malterials over a wide fre-
quency range have revealed sizeable deviations from the theory in some cases. The
discrepancics arc especially marked in some specimens of chromium permalloy, the
measured inductance over a certain frequency range being of the order of onc tenth
that specified by the theory.

It appears thal discrepancies arisc when the laminations are not homogencous,
a condition contrary to an assumplion of the simple theory. The inhomogencity takes
the form of a thin surface layer which has a permeability much less than that of the
interior. By clehing off these surface layers, the initial permeability is increased, and
discrepancics belween the measured rariations of impedance with frequency, and
those calculated for a homogencous sheet are removed almost complelely.

The theory has been cxtended to take account of the surfacc laycrs, and agrees
well with measurements on the original unetched laminations when plausible as-
sumplions arc made regarding the propertics of the surface layer.

I

— DDY current shiclding has been the subject of much study and
| investigation due to its importance in variods fields of electrical
engincering. The theory takes forms varying widely in complex-
ity, depending upon the shape of the conductor in which eddy currents
are induced, the nature of the impressed magnetic field, and the mag-
netic and clectrical properties of the material itself. The theory as-
sumes a comparatively simple form in the particular case of a homo-
geneous plane magnetic sheet having constant permeability, subjected
to a sinusoidal magnetizing force.! The results for that case are applica-
ble to the magnetic cores used in transformers and inductance coils,
if the ratio of lamination thickness to lamination width is small.
When the cores are made up of rings, an additional requirement for
close approximation is that the ratio of lamination width to core radius
be small. Finally, the assumption of permeability independent of mag-
netizing force is satisfactorily approximated in practice when the mag-
netizing foree is sufficiently small.

* Decimal classification: R282.3. Original manuscript received by the Insti-
tute, July 22, 1935.

1 Russell, “Alternating Currents,” . vol. 1, p. 491; Betz, Jahrbuch, vol. 26,
no. 2, p. 29. .
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In several instances investigators? have found that the measured
variation of inductance and resistance with frequency failed to check
theoretical caleulations, often by large factors. These discrepancies
have been found in o number of different, core materials. Sinee the
theoretical analysis scems Lo he firmly grounded, explanations of these
anomalies, advanced at, different times, have taken the form of changes
in the assumptions upon which the theory is based. These include the
introduction of magnetic lag or viscosity, of nonlincar permeability at
very low ficlds, and of nonhomogencity of the core.

Iiach of these possibilities has been investigated in detail. The effect,
of magnetic lag appears upon analysis to be far too small to aceount
for the observed results. To study the change in permeability with
magnetizing force, measurements were made on several materials down
to exceedingly low fields, at a frequency sufficiently low to render eddy
currents negligible. In every case the variation of permeability with
magnetizing forece was found to be lincar hbelow a field characteristic
of the material® The diserepancics existed, however, even when the
ficld was taken so small that the permeability differed inappreciably
from that corresponding to linear extrapolation to zero field. FFinally
the third possibility cited (nonhomogeneity) was definitely shown to
be accountable for the diserepancies observed between the experiments
and the theory formulated for homogencous 1sotropic laminations.

In the section following we shall describe briefly the derivation of
the expressions for inductance and eddy resistance of a coil having a
homogeneous lamination as core. In the third section experimental
findings are compared with these theoretical expressions and cvidence
is presented to support the idea that surface layers are responsible for
the observed discrepancies. In the fourth section transmission line
analogues for the simple and composite laminations are introduced to
facilitate discussion of the phenomena involved in the composite lami-
nation. The final section presents quantitative expressions for the
inductance and eddy resistance of a coil having a composite lamination
as core, and compares them with experimental results in specific cases.

? Discrepancies in the resistance at comparatively low frequencies, and in
the inductance at higher frequencies, were pointed out by V. . Legg and E. T.
Hoch, respectively, in unpublished reports dating back a uumber of years. A
comparatively recent publication dealing with the inductance discrepancy is
that of Scott, Proc. I.R.E., vol. 18, pp. 1750-1764; October, (1930).

3 The initial permeability is obtained by linear extrapolation to zero field of
the curve relating permeability to magnetizing force. For this purpose the field
is reduced to the region in which the initial rise of the curve is linear. Hydro-
genized silicon steel exhibits a sudden drop in permeability at the low field corre-
sponding to a flux density of 10 lines per em?, below which the curve again be-
comes linear. The other materials studied do not exhibit this effect, although
data have been taken at flux densities as low as 0.1 line per ¢m?,
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I

With the simplifying assumptions mentioned in the first section,
the properties of a ferromagnetic core coil may be deduced in a straight-
forward way. Setting up Maxwell’s equations involving the magnetiz-
ing force I and electric gradient E in the magnetic core, and neglecting
the displacement current, a linear differential equation of the second
order is obtained for each of these two quantities. Taking E and H to
vary sinusoidally with time, the equations then express the magnitudes
of these vectorsin terms of the distance “y” from the lamination center,
as indicated in Fig. 1. The solution of either equation involves the
sum of two exponential terms, each multiplied by an arbitrary con-
stant. These two constants may be evaluated by reference to the
boundary conditions that the magnetizing force at the two surfaces of
the lamination is the same as that in the absence of a magnetic core.

000, "e

J —
1 -

He
T'ig. 1—Cross section of lamination of thickness 25, showing magnetizing forces

IT; at surface and H at distance y from lamination center. The vector H lies
in the plane of the paper, and vector E (not shown) is perpendicular thereto.

The coil impedance due to iron reaction may then be dedueed, since
the cleetric gradient at the surface of the lamination is the same as the
gradient in cach turn encircling the lamination. The voltage across the
coil due to the presence of the core is found by adding the gradients
for the whole length of encircling winding and, since the current is
known in specifying the magnetizing foree, the impedance may be com-
puted as the ratio of the two vectors. Carrying out the work, cquations
arc obtained for the resistance ¢ and inductance L at any frequency.!
Tor convenicenee these are expressed in terms of Lo, the inductance at
zero frequency. Thus,

1 ginh 0 + sin 0

0 cosh 0 - cos0

* The expressions for 12 and [, inelude simply the components due to the pres-
ence of the ferromagnetic core. The resistance of the winding proper, the induct~
ance of the nir spoace within the winding, and the effects of shunt eapaeity are
not, ineluded. Values of 72 and 1 are obtained from bridge measurements ab sufli-
ciently low fields by subtracting the winding resistance from the measured re-
sistance, and by subtracting the estimated inductance due to the air space from
the mensured inductance.
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where,
A=L/Ly, when the upper sign is used, and
A =R /wl,when the lower sign is used.

0 is conveniently expressed as

0 = 2m- 26/ pvf,

where 26 is the lamination thickness in ¢m, x is the initial permeability,
v the conductivity in micromhos/em?®, and f the frequency in kilo-
cycles, equal to w/27- 105

The quantity 6 is amenable to a simple physical interpretation inas-
much as it corresponds to the phasc shift in radians, or the attenuation
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Fig. 2—Plot of (1), sbowing L/Loand R/wLg as funetions of 6. The two curves
]f;actlcall-y coincide for 8 greater than three where they approach the value
0.

in nepers, which an electromagnetic wave encounters in traveling from
one surface of the lamination to the other. By using this variable’ and
the ratios /L, and R/wl, it is evident that the performance of any
coil satisfying the initial assumptions can be represented by (1). When
the core is made up of a number N of similar insulated laminations,
the distribution of flux density and magnetizing force in any one of
them is independent of the presence of the others and (1) remains
valid. The electric gradient, and the impedance corresponding, are N
times that for a single lamination.

Plots of L/Lo and R/wLy in terms of 6, obtained from (1), are shown
in Fig. 2. It will be observed that the inductance varies but little up
to 6 equal to unity and then- decreases, L/ L, approximating 1/ for 0

5 The impedance is sometimes expressed in terms of the so-called skin thick-
ness s, where s =26/6.
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ereater than three, The resistance curve (I/wl.o) increases lincarly on
the logarithmic seale at low frequencies, passes through a maximum,
and practieally coineides with the induetanee curve when 0 exceeds
three. The phase angle of the coil passes through o maximum of aboul
17 degrees where the resistanee curve passes above the induetance
curve, and finally approaches 15 degrees.

[y

To determine the extent to which the above theory applies, a num-
ber of different macnetie materials were used as cores of inductance
coils, In agreement with previous investigators, deviations from the
theory were found in some materials  Iarger resistanee at small values
of 0, and smaller induetance and resistanee at large values of 0 than
specified by theory, Three elasses of performance may be distinguished.
In fourteen-mil specimens of silicon steel, hydrogenized silicon steel,
nickel, perminvar, and 78 pereent permatloy, the measured values of
L/1sand I wly checked with the theory within experimental error up
to 0 equal to ten. In the next class, including specimens of soft iron,
15 per cent permalloy, and 3.8 per cent molybdenum permalloy, the
measured induetanees aereed with the theory at low values of 4, but
were 30 per cent low at 0 equal to ten. Deviations in the resistance
enrves wore much smaller. Finally one material, 3.8 per eent chromium
permalloy, exhibited much lavger diserepancies; for example, the meas-
ared inductance shown in Fig, 3 is of the order of one fifth that given
by the simple theory at 0 equal to fen. Curves for the other deviating
materinls follows the same general course as those for chromium per-
malloy, but the deviations were much smatler, as indicated above.

The size of the deviation was found to depend upon the thickness of
Limination, being larger for the thinner laminations at a given -alue
of @ over the particular frequeney range studied. In this conneetion it
is of interest to sce how the initial permeability of a given materiul is
changed as the lamination thickness is progressively reduced by a fac-
tory rolling process, in which no particular care was taken in handling
{he material. For 3.8 per cent chromium permalloy the initial permea-
bility was found to decrcase as the sheet was rolled down and rean-
nealed. The specific conductivity of the material, however, was found
10 be practically constant over the range of thicknesses. This suggests
the presence of a low permeability skin which becomes more prominent
as the sheet thickness is reduced.

To determine whether or not surface layers were responsible for the
observed performance, the surfaces were etched off from some of the
materials that showed deviations from the theory. In most cases two
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mils or more were etehed from each surface. In every casc the permea-
bility of the etched lamination was higher than it was before etching.
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Further, in every case the deviations between theoretical and measured
values of inductance and resistance over the frequency range were re-
duced substantially as illustrated by Tigs. 3 and 4, and by Table I.
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TABLE I
25 Measured Calculated

Material mils po LiLs R /wLo L/Loand R/wLo
3.8% 14 4,400 0.0095 0.046 0.1
Cr. Perm. 9* 5,900 0.078 0.097 0.1
3.8% 101 13,300 0.0031 0.0067 0.01
Cr. Perm. 94* 14,500 0.0090 0.011 0.01
Soft 32 260 0.071 0.094 0.1
Iron 24* 325 0.100 0.102 0.1
459, 14 2,000 0.058 0.085 0.1
Perm. 10* 2,050 0.098 0.101 0.1

*Etched. Note that the measuring frequency was changed after etching to maintain the same

value of 0.

Fig. 5—1./ L and R/wl, as functions of 0 for
The dashed lines are theoretical values calcul
measured values. The dots are measured values after pl
with 0.3 mil of copper. The solid lines are calculated for the pl
from (3).
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This evidenee supports the idea that a surface layer of low permeability
exists, and that its presence leads to the observed deviations from the
theory for uniform laminations. The processes of mechanical working
and of heat treatment to which the laminations were subjected in their
manufacture scem Lo be responsible for ils presence.

Another experiment, was performed to illustrate the surface layer
offeet. Starting wilh silicon steel laminations which follow the theory
quite closely, o thin layer of copper was plated on the laminations. The
resistanee and inductanee curves for the composile laminations, shown
in Iig. 5, follow the sane general course as those for unctehed lamina-
tions of ehiromitn permalloy shown in Iligs. 3 and 4.




282 Peterson and Wrathall: Jiddy Currents in Composite Laminalions
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Discussion of the phenomena connected with the flow of eddy cur-
rents is sometimes facilitated by reference to a physical picture of the
propagation of clectromagnetic waves in the lamination. Such a physi-
cal picture may be provided by simulating the propagation of electric
gradient and magnetizing foree in the lamination, to the propagation
of voltage and current, respectively, in a transmission line.® In this
way the information available on transmission lines may be brought,
to bear upon the problems of propagation in the lamination.

The structure of the line cquivalent in its propagation characteris-
tics to those of the lincar homogeneous lamination is shown in Fig. 6.
Theré the serics element has an inductance proportional to the initial
permeability, and the shunt clement has a resistance proportional to

jpr\J/C
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Fig. 6—Differential element of a transmission line, analogous in its properties to
those of the magnetic lamination. Here the electiric gradient £ (e.s.u.) is
taken as the potential drop across the clement, and the magnetizing force //
(e.m.u.) is taken as the line current. The series inductance is proportional
to the initial permeability, and the shunt resistance is proportional to the

specific resistivity of the lamination material. ¢ represents the velocity of
light (em/sec).

the resistivity of the material. It may be verified readily that the equa-
tions corresponding to propagation along the uniform line, made up of
these elements, are identical with those for the lamination, as they
must be to provide similar characteristics. For this purpose not only
the differential equations, but also the boundary conditions of the
lamination and of the line must coincide.

To make the boundary conditions of the lamination coincide with
those of the equivalent line, the two terminals of the line, which cor-
respond to the two surfaces of the lamination, must be connected to-
gether in series so that the same current flows into cach end and the
same potential drop exists across the two terminals. (Fig. 7.) With
this picture it is casy to see that when the frequency is so low that the
series reactance is small compared to the shunt resistance, the im-
pedance of the line is nearly that of a pure inductance cqual in value to
the sum of the individual inductance elements. When the frequency

¢ Howe, J.I.LE.E. (London), vol. 54, no. 258, (1916): Wolm: 1
Kaden, Zcitff?ir Tech. Phys. vol. 123, no. 7, (1932). )i orman e
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is raised sufficiently to make the scries reactance approach the shunt
resistance, the attenuation through the line becomes appreciable and
inereases with frequeney. At high atienuations there is no appreciable
{ransmission from one end of the line to the other, so that we may re-
aard the equivalent network as made up of two infinite lines with their

N
\N/ ¢
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FFig. 7—"Terminal conditions for the equivalent line. Here L5 represents the clec-
tric gradient and /5 the magnetie gradient at the lamination surface.

input terminals in series. In this ease the input impedance, according
to {ransmission-line theory, is proportional to the square root of the
produet of the series and shunt impedances. This viclds a phase angle
of 45 degrees, both resistive and reactive components being propor-
tional to the square root. of frequeney. In this particular line it should
be noted that the attenuation constant is equal to the phase constant.
To take a particular value, when the phase shift through the lamina-
tion is 27 radians, the attenuation is 27 nepers (51.6 decibels) which
corresponds {o a reduetion in amplitude to 1/537.

The effect. of the surface laver may now be discussed with the aid
of the {ransmission-line analogue. The equivalent line shown in Fig. 8
is now made up of two types of scetions,” the seetion near the terminal
of length &, having low induetance series clements characteristic of the
low permeability surface material (u2) and the inner section of length
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Fig. S—Structure of transmission line equivalent to lamination provided with a
surface layer. The structure is symmetrical about the origin, only one half
being shown.

&, having high inductance clements characteristic of the body of the

material (u;). The shunt resistance elements are equal in the two

sections. At low frequencies the surface material has comparatively
little effect since its attenuation and phase shift are small. At higher
frequencies, however, the attenuation and phase shift of the surface

7 Neglecting any possible transition region between them.
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material are appreciable, the body of the material is screened, and
an additional loss due to the mismatched impedances at the junction
arises. I'or this reason the inductance at low frequencies starts out near
the level characteristic of the high permeability material, but at high
-frequencies it descends to the much lower value which it would have
if the whole lamination were constituted of the surface material alone.

\Y

These qualitative conclusions may be verified by calculations car:

ried out on the equivalent transmission line,® or by direct application

of Maxwell’s equations. When the appropriate boundary conditions
are taken into account we get in place of (1)

B sinh 6, + sin 6, 4 2k(Y cosh 6, + X cos 6,)
02(1 + K)[cosh 05 + cos 6, +- 2k(Y sinh 6, — X sin 0,)
+ k*(X? 4 Y?%)(sinh 6, F sin 6,)

3
+ k2(X? 4 Y2)(cosh 6 — cos 02)]’ )
where,
A =L/Ly when upper signs are used, and
A =R/wLs when lower signs are used.
M0
0 = 2m- 200V pinif, 02 = 27260/ pavef, K = %1
H202
B1Ye . ' .
k* = ——, Y = sinh 6;/(cosh 6; + cos 01), X = sin 6,/(cosh 6; 4+ cos6;).
MY

To test (3), calculations were carried out for the copper-plated
silicon steel laminations previously mentioned. It will be observed that
the agreement between theory and experiment shown in Fig. 5 is
close.® The equation was next applied to the measured results on
chromium permalloy, assuming a surface layer one mil thick of per-

8 The transmission analogue has been of service in evaluating the effects of
such complicating factors as magnetic hysteresis and magnetic viscosity. To ac-
count for hysteresis, the series arm must include in addition an inductance and a
variable resistance proportional to frequency, the magnitudes of both varying
linearly with magnetizing force. To account for magnetic viscosity, so called, a
resistance proportional to frequency and independent of # must be included in
the series arm. The presénce of magnetic aftereffect, analogous to the dielectric
aftereffect investigated by Debye, has been evaluated by R. R. Thompson by
inserting a parallel combination of resistance and inductance in the series arm.

* It should be noted that the values of 6 used in plotting curves for composite
laminations are obtained from the measured values of permeability and conduc-
tivity at low frequency. Thus, _—

0=2m-2(8: 4 62}/ uvf

#=(u18141282)/ (814 8,)
Y= (5171+5272)/(61+62).

where,
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" meability 250, and an inner layer with permeability high enough to give
the observed average permeability. The results shown in Tig. 9 are
in fair agreement with experiment, considering the approximations
used. It appears hardly possible, in general, to deduce precisely the
characteristics of the surface skin by means of measurements made on
the lamination before and after etching, since etching may be expected
to relieve strains in the body of the material and so change the per-
meability.
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Fig. 9—1L /Lo and R/wle as functions of 0. Dashed lines from (1). Solid lines
from (3), for chromium permalloy lamination with 8, =06 mils, §;=1 mil,
g1 = 14,600, pz =250, vi ="z (tireles and trinngles represent measured values
of 14-mil chromium permalloy tape with an initinl permeability of 12,500,

In discussing the experimental results it was noted (Seetion 11,
Paragraph 2) that the magnitude of the deviation from the simple
theory depended upon the thickness of lamination at a given 0. This
offect is illustrated in Wig. 10, which shows [,/1. in Lerms of 0 plotied
from (3). Four different, compositive Tamination structures were as-
sumed, the half thickness of the inner material (6,) being taken at
9, 6, 24, and 50 times the thickness of cach surface layer (84) which was
fixed ot one anil. Toqual conductivitics were assumed for the {wo
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layers, and the permeabilities were taken as 16,000 for the hody
of the material, and 250 for the surface layers. It will be observed
that the deviations are larger for the thinner laminations over the
smaller values of 0, in agreecment with experimental observations.
At larger values of 6 the curves all approach a straight, line, having the
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Fig. 10—L/Ly as function of ¢ plotted from (3) for four composite laminations.
da=1 mil, p,=250, #1=16,000, p;=p,=56X105 ohms/cm?® throughout.
é1 is the parameter with values 2, 6, 24, and 50 mils for curves 1, 2, 3, and 4
respectively. Dashed line plotted from (1) from comparison. ’

same angle of 45 degrees as does the plot of the simple theory, but dis-
. e 8o\ /2
placed from it by the factor { —{ 1 4 — } . Equation (3)gives
. M1 01

4 =1/02(1-k) when both 6, and 6, are much greater than unity. The
above factor is then obtained by expressing 8, in terms of 6 in the
above limiting form for A when 1,6, is much greater than u,d,.
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CATHODE-RAY OSCILLOGRAPHIC INVESTIGATIONS
ON ATMOSPHERICS*

By
HHarAaLDp NORINDER
(Institute for High Tension Research, University of Uppsala, Sweden

Summary—An analysis of the true nature of the wave forms of almospherics,
when they show rapid time variations, can casily be oblatned by using cathode-ray
oscillographs with very high speed recording. The author describes the arrangement
that he has used for recording and analyzing atmospherics, wilh his relay construc-
tion of high vollage cathodec-ray oscillographs. These instruments were conncected
through amplifiers to horizontal acrials having different heights above the ground.

A passing atmospheric produced voltage changes across a resistor 1nserted in
the antenna system, which, provided that special precautions were taken, gave the
dIZ/dt variations of the ficld 5. By applying an inlegration procedure lo the records,
it was possible to oblain the true ficld curves E@) of the corresponding atmospherics.
These observations were made at field stations localed in the vicinily of the Instilute
of High Tension Rescarch, Universily of Uppsala, Sweden. The results of observa-
tions made between February and August, 1934, are dealt with in this paper. Aboul
7500 atmospherics were recorded, of which GOO were sclected as typical, and have
been inlegraled.

The total duration times of tndividual almospherics thal were most SJrequently
observed lay between 100 and 150 microscconds. When periodic or quasi-periodie
variations were observed, about sizly per cenl of such atmospherics showed a peri-
odicity of between five and ten kilocycles per second.

The atmospherics frequently occurred in groups com poscd of a number of sepa-
rale and individual field variations. The time duration of aboul scventy per cent of
such groups was within 5 X107* scconds. The most preponderant value of the am-
plitude was 0.25 volt per meter, but values between 0.25 and 0.50 voll per meler were
also frequent.

The wave front slopes most frequently observed during the winter and spring
months lay belween § and 10X 1072 volts per meter per microseconds. In June values
up to 100 to 200X 1073 volls per meler per microsecond werce very often recorded.

About 450 oscillograplic records of visible lightning discharges occurring within
twenty kilomelers of the obscrvalion post gave characteristic wave forms in which
scveral conseculive discharges, very often of similar discharge character, passed
through the same Lghtning path. TWave form types of the same character were oflen
observed in almospherics occurring during typical thunderstorm conditions. Almos-
pherics of (his thunderstorm type were found to have more complicaled wave forms
than those of almospherics observed during undisturbed conditions.

Observations of the disturbing sounds occurring in ordinary radio receivers
showed characteristic differences between the atmospherics which caused the clicks
and those which gave rise to the grinders or hisses. The former consisled of a short
wave forn: having a duration less than 200 microseconds. The grinders or hisses
originated in groups of conseculive atmospherics, the duration of which sometimes
extended over one thousand microseconds or more.

* Decimal classification: R114. Original manuscript received by the
Institute, January 30, 1935.
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INTRODUCTION

VHE investigations of atmospherics which are deseribed in this
paper,! commenced with some carlier researches on the variation
of the electric field set up by lightning discharges during thunder-
storms. During our first experiments on this problem in 1921 we made
use of ordinary sealed high voltage Braun tubes as indicating instru-
ments. The deflecting plates of the tubes were connected across re-
sistances joined between an antenna circuit and earth. During thunder-
storms, lightning discharges occurring at suitable distances set up
rather complicated but very characteristic voltage variations in this
circuit. The general form of these variations could be observed visually
on the screen of the cathode-ray tube. During these experiments the
interesting and important observation was made, from a comparison
between the observed disturbances in the form of atmospherics in the
loud speaker of a radio receiving set and the observed voltage varia-
tions in the antenna circuit, that there was a possibility of employing
the cathode-ray oscillograph to record the wave forms of atmospherics.
In our first observations of this type, the atmospherics had been caused
by discharges occurring in distant thunderstorms. It was then noted
also that the wave forms of the voltage changes, arising from impulses
passing over the antenna circuit system, were too complicated and ,
rapid to permit of exact visual observation using a sealed cathode-ray
tube of the usual pattern. Our efforts were thus from the beginning
concentrated upon the construction of self-recording cathode-ray oscil-
lographs sufficiently sensitive and rapid enough to record impulse

wave forms of the order of microseconds in duration.

Our first experiments in the application of our specially constructed
cathode-ray oscillograph to the problem of recording atmospherics
were rather sporadic; and it was not until the beginning of 1934 that
an opportunity arose of more extensive work on the subject. The first
results are published in this paper.

Investigations of atmospherics by using a visual cathode-ray
- oscillographic method have, as we know, been executed in the English
observations at Slough and other stations by Appleton, Watson-Watt,
and Herd.?

The Scope of the Observaiions

Between February and August, 1934, we have recorded about 7500
atmospherics, and these records were extensive enough to permit of

1 This paper covers with small additions the author’s communication in the
section of atmospherics at the Plenary Congress of the International Scientific
Radio Union in London, September 11 to 19, 1934.

2I8. V. Appleton, R. A. Watson-Watt, and J. F. Herd, “On the nature of

atmospherics,” I, I1, II1, Proc. Roy. Soc. A, London, vol, 103, p. 84 (1993
vol. 111, p. 615 (1926). vo , p. 84 (1923),




Norinder: Cathode-Ray Oscillographic Investigations on Almospherics 289

the detailed analysis of about 600 separate atmospherics which we
have selected as typical for this observation period.

Atmospherics of the most common type occurred between February
and June. During July and August thunderstorms were very frequent
in Sweden, and this had a special influence on the type of atmospheries
then prevalent. The usual types arising from these distant sources,
became much mixed up with those which obviously had their origin
in thunderstorms not very far away from the locality of the observa-
tions.

Method of Observation—The Recording Instrument

A specially constructed cathode-ray oscillograph, as has already
been mentioned, was found to be necessary when we desired to record

Joioo vells (des

~Smoll orifice
| Trmiag plates

v
- /a-ca—v/my/ﬂm

Fig. 1—Cathode-ray oscillograph with relay arrangement.

atmospherics; and this was arranged.so that the electron beam in the
instrument functioned as a relay. This-arrangement, which is peculiar
to the author’s cathode-ray oscillograph construction, is illustrated in
detail in Iig. 1.

The cathode-ray beam is stopped first by a small target. When a
voltage impulse is applied to the upper pair of deflecting plates, the
cathode-ray beam is bent away from the target. Below the target the
beam is bent back again by the same voltage impulse which is applied
reversed to a second pair of deflecting plates. The beam then passes
thiough a small orifice below which are placed the deflecting plates
of the timing circuit. The cathode-ray beam will thus fall upon the
recording film only during the passage of the impulse, so that the target
produces a characteristic zero line or band shadow in the oscillograms,
which can be seen in those here reproduced. In the majority of cases
there is no difficulty in interpolating to determine the path of the beam
across this zero band. .

This relay arrangement was found very convenient particularly as
it was obviously not possible to know beforehand the time of arrival
of the atmospheric. The often very complicated nature of the wave




290 WNorinder: Cathode-Ray Oscillographic Investigations on Atmospherics

forms of the atmospherics prevented the use, without great difficulties,
of external relay arrangements utilizing electron tube circuits.

Fueld Stations and Antenna Arrangements

Horizontal antenna wire systems were used in our investigations,
and the observations were made both in fixed and in movable field
stations. One of the latter is depicted in Fig. 2, and the interior in-
stallation itself, with two cathode-ray oscillographs, in Fig. 3.

At the fixed station, two horizontal antenna wires, of different
lengths, were used. The higher was 27 meters high, and had a length

Fig. 2—A movable field station for recording atmospherics.

of 90 meters; the other was 7.2 meters high and 100 meters long. The
movable station had an antenna length of 105 meters, with a height of
19 meters. From consideration of the capacities of the antenna systems
and the values of the resistances used, the time constant was in most
instances less than three microseconds.

Methods of Measurement and Caleulation

The method used involved a measurement and a calculation. We
observed the voltage variations across the ends of a resistor inserted
between the aperiodically damped antenna and the esrth. These volt-
age variations were obviously produced by the passage of an atmos-
pheric within the field region of the antenna system, and this method
gave a record in the cathode-ray oscillograms of dE/dt curves. In

order to calculate the corresponding field curves £ (¢) in volts per meter

e e B o
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it was necessary to apply an integration process. The fundamental
formula used was?

1 ¢
E@) = —— Vdt 1
®) e, | (L
where f is the amplification factor, h is the height, F the resistance,
C the capacity, and V the voltage variation in the circuit across R
during the time of the record.

Fig. 3—Installation of cathode-ray oscillographs and
amplifier in a field station.

The Amplifier

The atmospherics gave rise to relatively small voltage variation
across the resistance of the circuit, and it was then necessary to make
use of an amplifier, connected between the antenna system and the
oscillograph.

The short time of duration of the atmospherics and their some-
times steep wave front necessitated taking some precautions in the

3 For derivation and discussion see Harald Norinder “On the nature of light~
ning discharges,” Jour. Franklin Inst., vol. 218, page 722; December (1934).
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construction of the amplifier. In most of our tests, we used a {wo-
stage amplifier with a gain which was usually adjusted to a value of
800. In some cases, and particularly when the thunderstorms were
close, we used a separate single tube amplifier with a gain of seventeen.

The effect of the amplifiers on impulses having much steeper wave
fronts than those encountered in atmospheries was investigated. The
tests showed them to be very satisfactory as regards distortion within
the limits of the observed wave form of atmospheries. Some check
records taken simultancously on the same atmospheric on the antenna
systems with differing heights also showed good agreement.

fromreck e

1

L _

Tig. 4—Circuit diagram for control tests.

Drrect Tests on the Reliability of the Recording Method

In order to verify the method of caleulation we found it necessary
to make a check on the observational method by means of some direct
control tests. An impulse generator was sct up which was adjusted
so as to produce impulses having the same duration and wave form
as for the common atmospherics. The impulse from this generator was
impressed upon a horizontal aerial by means of which the impulse was
radiated in free space. The effect of this impulse was observed using a
receiving antenna connected tothe movable field station, which included
- amplifiers and cathode-ray oscillographs. Iig. 4 gives a diagram of the
arrangement. By using the movable field station it was also possible
to record the impulse sent out on the transmitting antenna without
using the amplifier. In this case a potentiometer was used as detailed
in A of Fig. 4. The two records so obtained are reproduced in Tig. 5.

The impulse wave form recorded directly across the resistance
(see circuit A, in Fig. 4) is reproduced on a linear time scale in the
dotted curve of Fig. 6, which shows also in the full curve the result of
integrating the oscillograph record of the same impulse as received
through the amplifier on the receiving antenna system (see circuit A,
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of Fig. 4). Comparing the curves in this manner shows a very good
agreement. The small difference which can be seen between the two
curves does not originate from distortion in the amplifier, as has been
verified with much steeper wave fronts. This small difference is caused
by a local field disturbance in the vicinity of the transmitting antenna
system.
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Tig. 5—Oscillograms of transmitted and received control test impulses.
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Tig. 6—Test impulse records from sending antenna (dotted curve) and corre-
sponding impulse by integration (curve in full) from receiving antenna
through amplifier.

700 200 SoouS

REcorp WITH RAPID TIME SCALE

Some Common Types of Atmospherics

Before reproducing the most common types of atmospherics it is
necessary to explain how the records were taken. While the records
were being taken we used two oscillographs connected in parallel. One
of these instruments was arranged for visual observations and the other
for obtaining photographic records simultaneously. With this oscillo-
graphic system set up ready for use, when we noticed by visual ob-
servation a sufficient number of atmospheries, we made an exposure in
the other oscillograph. The duration of the exposure time was con-
trolled by the visual observations on the atmospherics appearing on the
fluorescent sereen of the oscillograph. The duration of the record could
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thus be varied between a few tenths of a sceond up Lo about twenty
seconds. In some of our carlier observations we used oscillators giving
sinusoidal time axis. This type of time scale necessitated replotting the
curves to a linear time scale. T'o avoid this inconvenient, and laborious
operation we developed oscillators to give a time hase which should he
linear within the accuracy of reading the curves. This time oseillator
could be adjusted to give a time of sweep of the oscillograph beam
which at the time proved most convenient for the type of atmospheries
and the wave forms which were observed.
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I'ig. 7—Original oscillographic records of atmospherics.

In most cases the atmospherics were very numerous and followed
one another with very small time intervals. In such cases the antenna
system was obviously bombarded by consccutive sets of impulse groups
frequently following very closely upon one another. When this oceurred
great care had to be taken when using the rapid time scale, otherwise
oscillograms were obtained which were too difficult to follow and
analyze in their details.

From about 7500 rccords of atmospheries which have been ob-
tained in this way, we have selected 600 individual records which we
have analyzed and integrated in order to determine the corresponding
field or () curves as defined by (1). In the following statistical treat-
ment of the atmospherics we have made use of these 600 typical rec-
ords, and in consequence the results must be taken with some reseryi-
tion on account of the number of the observations.
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Characleristic T'ypes of Wave IForm

Some examples of atmospheric records are reproduced in Figs. 7
and 8 the curves of which are copied from the original oscillograms. In
obtaining these records we have used for some years past with good
results ordinary negative photographic film.
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Fig. S—Original oscillographic records of atmospherics.

A close examination of the recorded dE/dt cutves showed some-
times very complicated wave forms, and it is easily understood that
visual observations of such complicated wave forms must fail to give
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Fig. 9—Typical atmospherics as selected from 600 integrated curves.

exact reproductions of them. Such complicated wave forms are, as can
easily be shown from the theoretical basis of our method, in some cases
resultant from the dE/dt method. Voltage changes in the electric field
of relatively small amplitude but great rapidity of change, are accentu-
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ated by the dE/di method. We have sometimes observed that double
or triple polarity changes in the recorded dE/dt curves do not occupy
more than 100 microseconds, and it is obviously quite impossible to
try to record such wave forms in true details by visual method.

Of the 600 typical atmospherics which have been integrated, we
have selected some which we congider particularly typical. Some of
these are reproduced in Figs. 9 to 12.

The wave forms of the atmospheries reproduced in Figs. 9 to 12
show in some cases very marked differences. Some of the types are
similar to some which we have observed in connection with discharges
during thunderstorms. Some, however, are not similar to such dis-
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.Fig. 10—Typical atmospherics as selected from 600 integrated curves.

charge types as were known from thunderstorm observations. At the
present stage of our investigations it is not yet possible to give a full
explanation of how these different wave forms originate from the dis-
charges in the atmosphere. It will be necessary to extend our investiga-
tions in certain directions before we can hope to give any possible
explanation with regard to the origin of these different types of atmos-
pherics.

In some of the electric field curves we note that the initial and end
values of the field are zero. With few exceptions such atmospherics
arrive from very different sources. When, however, the source of the
atmospherics is not very far away (see Fig. 12) we have often ob-
served a very marked difference between the injtial and end values of
the electric field. Theoretical reasons can be advanced to explain such
differences from near-by discharges.

The physical conditions for these different types of atmospherics
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caused by primary electric discharge procedures in the atmosphere are
intimately related to the possible current variation forms in the atmos-
phere. We are preparing for a study of such current variation forms and
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Fig. 11—Typical atmospherics as selected from 600 integrated curves.

intend to analyze the corresponding variation forms of the atmos-
pherics in connection with this work.

As regards the time intervals between the atmospherics, our ob-
servations show that during certain periods the atmospherics oceur
very sporadically, but in others they arrive in fairly regular sequence.
Thus it is easy to explain how such groups of atmospherics will be able
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Tig. 12—Typical atmospherics as selected from 600 integrated curves.

to produce entirely different kinds of disturbances in radio receivers,
and give rise to disturbances which are known under various typical
designations. The general character of the sounds heard in the receiver
obviously depends to a great extent upon the time periodicity of such
atmospherics. The frequency with which the atmospherics pass the
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aerial antenna is also of great importance in this respeet and we hope
to put forward an explanation based on this in another paper.

Considerable caution must thus be excreised in endcavoring to
classify atmospherics in accordance with the different types of sounds
which they give rise to in the radio receiver. Such methods can very
easily lead to results which have only a quantitative classification value
and no proper physical meaning.

The Total Durations of Selecled Individual Aimospherics

The numerical distribution of atmospherics having different dura-
tion times is depicted by the curve in Fig. 13. The most frequent ones
have duration times of 100 to 150 microseconds.

Number
700 4

50 4

I | |
o 50 /00 7150 00 £30 Joa 350 %00 450
50 100 /50 200 250 J00 35¢ vo0C vs¢ Soo /J.SCC

Fig. 13—Distribution of duration times of 600 atmospherics.

We have observed a seasonal tendency in the total duration times
of atmospherics, which is illustrated by the curves of Tig. 14. Shorter
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Fig. 14—=Seasonal variations in time duration of atmospherics.

duration times are more frequent in the spring months than in the
winter months; e.g., in February the most usual dtration time was
300 microseconds, as compared with less than 100 microseconds in
June. This we suppose may be due to variation in the distance of the
source of the disturbances. The effect is also duc to a seasonal variation
in the damping of atmospherics.
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Such periodic or quasi-periodic superimposed variations within
atmospherics which are exemplified in the sample curves of Figs. 9 to 12
have been plotted with reference to the percentage occurrence of their
frequency. During all the months (from February to J une) the pre-
ponderant frequency of the selected 600 atmospherics was five to ten
kilocyeles per second. The average percentage distribution during this
total period is depicted in Fig. 15.
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Fig. 15—Average percentage distribution of frequencies in atmospherics.
Number of Changes of Sign and Polarity Differences

By plotting the records of the field changes with the number of
changes in their sign, Fig. 16 has been obtained. It is noted that atmos-
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Tig. 16—Changes of sign in atmospherics.
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Fig. 17—DPolarity distribution of atmospheries.

pheries with but one change of sign arc the most {frequent. 11 we scleet
the atmospherics in terms of their polarity we achieve the result of
Iig. 17.
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The Absolute Amplitude in Volts per Meter

The maximum amplitude of the atmospheries was found, as was to
be expected, to increase from IFFebruary to June. This is shown in the
curves in Iig. 18.
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Fig. 18—DPercentage distribution of voltage amplitudes of
atmospherics in volts per meter.

The Slope of the Wave Fronts

It is a well-known fact that atmospherics are subject to a marked
damping with increasing distance from the source of disturbance. A
selection of the records of the atmospherics in terms of their maximum
steepness of wave front should thus be found to result in less steepness
for atmospherics arriving from distant sources of disturbance, as com-
pared with those coming from less distant regions. The observations
are in our case so uniform that we are able to observe this general
tendency. From this it follows that the steepness of the wave fronts
should be more pronounced during the spring months than during the
winter. This is very marked, when we consider the percentage occur-
rence of the observed wave front slopes as plotted for different months.
(Fig. 19.)

REcorps WitH A Stow-Moving TiME Axis

Occurrence of Aimospheric Groups

The atmospherics occurred, as we have already mentioned in
another connection, sometimes in such unbroken succession that an
analysis with the fast-moving time axis recording was impossible. In
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such cases, we were forced to make use of a slow-moving time axis in
which cases all rapid variations are recorded as vertical lines. This
slow-moving recording was of interest in several respects. The method
allowed more exact determinations to be made of the maximum ampli-
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Tig. 19—Distribution of wave front slopes of atmospherics.
tudes and of the frequency of consecutive atmospherics. When using
the slow-moving recording, the electron beam “of the oscillograph

passes through the maximum deflection points with reduced velocity,
so that these turning points in the original oscillograms are thus well-
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Tigs. 20, 21, and 29— TRecords of consecutive atmospherics with
a slow-moving method.

defined dots in the vertical lines. It is thus easy to distinguish one
atmospheric from another, ' :
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The length of the time axis of the oscillograms when the fasi-
moving recording was used, was most often 3.8 X 102 microseeonds and
when the slow-moving method was nsed it was as slow as 2.8 X100
microscconds.

Figs. 20 to 22 illustrate some of these records. The time ¢, in Figs.
20 to 21 is defined as the group duration time of an atmospheric.
Fig. 23 results from plotting the percentage frequency of such duration
groups, and shows a predominance of duration groups within 0.5 X103
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Tig. 23—Percentage duration time of groups of atmospherics.
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Fig. 24—Percentage number of individual atmospherics per 10~2 seconds.

scconds. The average time of occurrence density of individual atmos-
pherics, which may be defined as the number of atmospherics per 10-2
seconds, shows the percentage distribution plotted in Irig. 24,

LigaTNING DISCHARGES AND ArnospPyERICcS

It follows as a matter of course that we should devote special
attention to the relation between lightning discharges and atmos-
pherics. In the course of other investigations we had already gathered
a very considerable number of observations of lightning discharges,
recorded by means of cathode-ray oscillographs connected to hori-

zontal antenna wires. For example, we have, during recent seasons,
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recorded 450 lightning discharges which had taken place within a dis-
tance of twenty kilometers of our point of observation.?

These records show that the lightning discharges are very compli-
cated. What we normally consider as one visible lightning flash con-
sists of several consecutive discharges which in most cases follow the

F SoyFympts |
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Fig. 25—Oscillograms of repeated lightning discharges.

same path. These partial discharges are very often developed under
conditions which are similar from an electrical point of view. Some
examples of such consecutive lightning discharges are illustrated in
Fig. 25. In taking these oscillograms a sinusoidal time axis was used.

These lightning discharges show a variation structure quite similar
to certain variation forms of atmospherics, and especially to those
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Fig. 26—Records of atmospherics of the lightning type.

types observed during

characterize as thunderstorm con

atmospheric conditions which we generally

ditions. This similarity in variation

forms has led us to class certain atmospherics as “lightning discharge

types.
sideration

with Fig. 26 we are able to state a ver

variation form in the two cases.

» Some examples of these are reproduced in Fig. 26. With con-
to the difference in the time scale of Fig. 25 in comparison
y marked similarity between the
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We have in all cases observed such lightning discharge types to be
more complicated in their variation forms than atmospherics of the
ordinary type. An explanation for this difference is to some extent
found in the variation of the damping effect, since the most common
types of atmospherics have their origin in most cases in very distant
sources of disturbances, whereas the lightning discharge types originate
in more near-by localities.

TypricaL DISTURBANCE SoUNDS IN RADIO RECEIVERS

Since the early days of radiotelegraphy, atmospherics have been
observed by the loud disturbing sounds that they produced in the re-
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Fig. 27—Atmospherics producing typical sound disturban\ces
in form of grinders or hisses.

Fig. 28—Atmospherics producing disturbance sounds
characterized as clicks in radio receivers.
ceivers. Such sounds have, as is well known, been classified into differ-
ent types; for example, the “grinders” or “hisses” having a relatively
long duration of sound, as compared with the “clicks” which have a
very short and well-defined sound.

It seemed of particular interest to ascertain whether these typical
differences would also be visible when using the cathode-ray oscillo-
graphic method. Records of atmospherics have thus been made simul-
taneously with observations of the character of the sounds occurring in
radio receivers. The results obtained were very interesting. When
grinders or hisses were heard in the radio receiver the oscillograms
showed the types illustrated in Fig. 27. When clicks were observed in
the receiver, we obtained the oscillograms of Fig. 28. The very marked
difference observed between the clicks and grinders was what we were
led to expect beforehand. .

We have always observed that the clicks are produced by atmos-
pherics of very short duration, less than 200 microseconds, with no or
very few changes in their polarity. On the other hand grinders are
caused by groups of consecutive atmospheries in which the duration
times sometimes extended over a thousand microseconds or more.
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OPTIMUM OPERATING CONDITIONS FOR CLASS B
RADIO-FREQUENCY AMPLIFIERS®

By
W. L. EvErIiTT

(The Ohio State University, Columbus, Ohio)

Summary—A theoretical analysis of the efficiency and output of a triode
operating as a class B radio-frequency amplifier is made.

11 s shown that for a given tube, plate voltage, and plate loss there is a definite
value of load impedance which will give mazimum output. Design formulas are
developed for determining this load impedance, the proper grid excitalion, and the
resultant efficiency and outpul. :

N A previous paper,! the author has deseribed a method for the

computation of the dynamic characteristics of amplifiers with

tuned plate loads, in which the flow of current is confined to a frac-
tion of a cyecle. The equations there derived were applied to the prob-
lem of determining the optimum operating conditions of an unmodu-
lated class C amplifier. In the present paper these same equations will
be applied to the determination of the load impedance and grid excita-
tion which will give the maximum output {rom a class B amplifier with
a given tube, allowable plate dissipation, and plate voltage.

4|

1

Fig. 1-—Circuit for clags BB radio-frequency amplifier.

£, =

In a class BB amplifier, due to the curvature near culoll the tube
should have a bias slightly less than I/ so that current will flow in
half-wave pulses. for purposcs of approximation, the slalic grid-
voltage—plate-current curve will be assumed as linear. The fundamen-
ial circait is shown on Tig. 1. The following symbols and cquations

* Decimal clussification: 1R355.7. Original manuseripl received by tho
Institute, Mareh 29, 1935; revised  manuseript received by the  Institute,

August, 1, 1935, ‘ '
1 Proc. LR, vol. 22, pp. 152 -176; Iebrunry, (1934).
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from the previous paper will be required. In all cases the plate load is
tuned to unity power factor at the frequency of the grid excitation.

I .=absolute value of the negative grid bias
I ,=amplitude of the alternating grid voltage
Ey=voltage of direct-current plate supply
Iy=amplitude of the fundamental alternating-current com-
ponent of the plate current.
I'y=amplitude of the alternating current in each branch of the
tuned plate circuit.
Iy=average or direct-current component of the plate current
©:=ong half the angle during which plate current flows.
"RBr=impedance of tuned load at the fundamental.

In the case of the class B amplifier, ©;=7/2 and the equations
given in the previous paper are simplified. :

For values of grid excitation where the maximum value of instan-
taneous grid voltage is less than the minimum value of instantaneous

plate voltage, ‘
oy

Ii=——"° 1
" R+ 2R, L
Il i 2
7" 3 . (2)

For values of excitation where the maximum grid voltage equals
the minimum plate voltage the following equations hold:

X

efficiency = m X 100 per cent 3)
where,
DE
o = (Iu—{—T,)L (3a)
DE,? ,
input = M[ 4 _:] 4)
2R, Lr(a + 2)
' ‘ DE,?
output = (ke + DEs [ “ } (5)
2R, (a + 2)°
L at 2w+ 1) i
B, = 7.
’ we + 2) o (©)

As the alternating-current grid excitation is varied, (1) shows that
the fundamental component in the plate cireuit is directly proportional
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to this alternating-current grid excitation up to the point where the
maximum grid voltage equals the minimum plate voltage.'.For values
of grid excitation above this point the approximations useéd in com-
puting (1) and (2) no longer hold and the curve breaks. The point at
which the break occurs will be called the saturation point, and (3),
(4), and (5) apply to this point. Since the output power equals both
12 R1/2 and also Ir? Rr/2 the tank current will be given by the rela-
tion :

Ip=1 -

. —_ 7
VT (7)

where Ry is the sum of the resistances in the two branches of the tuned
tank circuit, including any resistance which is introduced by coupling.

Equations (2) and (7) show that the tank current and direct plate
current, since they are proportional to I;, will also be proportional to
I,. The input is equal to E,I,. Hence the efficiency is given by the equa-
tion

) I.* 1k,
efficiency = .
21,1,
By making use of (2) and (1),
r I} mull, R
efficiency = — e s (8)

1 I, 4B (RL+ 2R,

Therefore, the cfficiency is also directly proportional to the grid
excitation up to the saturation point, and reaches the maximum given
by (3).

Fig. 2 shows an example of a comparison of values obtained experi-
mentally and those computed by the theorctical cquations. In the casc
of the theoretical curves, the saturation point is indicated by a horizon-
tal break. The theory does not give values above saturation, but in
actual practice this point is the upper limit of operation, and so no
theory is needed for that part of the curve.

If o radio-frequency wave with a modulation ranging from zero to
one hundred per eent is to be amplificd by an amplifiecr showing the
characteristics of Tig. 2, then the carricr amplitude applied to the grid
should be adjusted to the middle of the straight-line portion of the
1, — T4 curve. This middle point would be between forty-five and fifly
per cent of the value al the computed saturation point to allow for the
nonlinearity near saturation. Let K equal the ratio of the tank current,
al the operating point to thal ab the compuled maximum. Then the
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power output of the unmodulated carrier will be K? times the output
at the saturation point, the direct-current power input to the plate
circuit, and the plate efficiency will be K times that at saturation. Com-
bine this relation and (3), (4), and (5) to obtain the values for the wave
applied to the grid without modulation.
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Fig. 2—Typical characteristics of UX210 as a class B amplifier.

Ko

Effici =— X1 .
ciency TP X 100 per cent (9)
(u+ 1)Eb2l: 4
Input = K .
npu °R, Ln(a+ 2)} (10)
(k+ 1E,? o
Output = K2 ' -
utpu oR, [(a n 2)2} . (11)
~oss = (Input — Output)
_ (v + l)Eb"’[ 4K ak? } (12)
2R, ma+2) (e+42)2]"
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Since the B,—1I, curve is linear, the direct plate current will be
unaficeted by modulation of the grid excitation voltage. Hence the
input to the tube would not be changed by this modulation. On the
other hand the output will be incercased by the amount of energy pre-
sent in the side bands. In the case of onc-hundred per cent modulation
the output will be fifty per cent greater than that given by (11).
Consequently the losses are less for a modulated excitation than for an
unmodulated one. Sinee the circuit must be designed for the most
severe conditions, (12) may be used for computing the loss for design
formulas.

Let,

= loss X 2R,
(v + DI

It will be observed that this T' is a function of a tube, since the tube
will determine the allowable loss, and also the plate voltage which may
be used. p and R, arc measured over the linear part of the characteris-
tic. Equation (12) may be written

4K al(?

(13)

r = — - (13a)
(o + 2) (o + 2)2
Solve for a and obtain
L AK — 7K2 4+ /72 K* + 16K% — 8#ICP + 8w KT 5. (13D)

27T

Therefore, for a given value of T' and K there is a value of o and
henece a value of Rz which will give the allowable loss. This in turn will
give a maximum output that can be obtained from the tube as a class
B amplifier. For the special cascs where K =0.45 and K =0.50, (13b)
becomes, respectively,

0.18523 + ~/0.405000T - 0.034317

K=045 a= . — 2 (l4a)
0.19331 -+ ~/0.500000T + 0.037371
K=050 a= . — 2. (14b)

Fig. 3 shows a plot of (14a) and (14b) and indicates that they re-
present almost identical curves. Since practical values of K would be
intermediate between 0.45 and 0.50, these curves may ke used to ob-
tain the value of « and hence R necessary for optimum operation.

To obtain the required value of excitation, make use of (6) and re-




310 Everitt: Class B Radio-Frequency Amplifiers

member that in the approximate curve B, =ulf, for class BB operation.
The unmodulated excitation must be K times that required for satura-~
tion.

5 Kla+ 2(u + 1)]E.
’ (@ + 2)

(15)
= [(’1_1___2_’?_‘]?
a2 o
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Tig. 3—Design plate for class B amplifiers.
The fundamental component of the plate current at the saturation
point can be obtained by inserting (6) in (1).

, _ le+ 2+ 1B,
(e + 2)(Re + 2R,)

whence (32) gives

ol

I, = m at saturation. (16)
At the operating point of the class B amplifier I; will be
KoL,
TRt ) oo

"The tank current can be found by applying (7) to (17),
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_ KE (18)
" VRiRr(a + 2)

But in an antiresonant circuit such as is used in the tank the ap-
proximate relation between Ry and Ry is

X2

R, =—

_ Ry
therefore, VIR = X

where X, is the reactance of one branch.
Apply this to (19) and obtain

]\'E‘ [Na%
C Nua +2)

Iquations (17) and (2) may be used to find the dircct-current com-
ponent of the plate current.

Iy

(19)

(20)

The emission requirements may be obtained by considering the
maximum requirements. These can be obtained from (29) of the previ-
ous paper.! This equation for a class B amplifier gives

]mux = 7‘—]b- - (21)

This is the value which would be obtained for an unmodulated exci-
tation. In the case of one-hundred per cent modulation the maximum
requirements would be twice this figure and the required emission

would be
]cmissi(-n = 27'—Ib- (22)

The various equations neceessary for the complete design of the
class B amplifier are grouped in Fig. 3 together with the plots of (14a)
and (14b) from which the correct value of « and hence R, may be
obtained.

The penalty for not obtaining the optimum conditions may be
determined from (10) and (11).

Let,
r tput X 28
= output X ——————
- 2 (v + 1B
then, o

B al{?
T (a2
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In Fig. 4 the functions I and T'; are plotted against « as the inde-
pendent variable. These functions represent respectively the relative
losses and output for any tube. If a value of « is used which is greater
than the optimum value, the value of T'; and hence the output will be
less than that obtainable. The slope of this curve is quite steep and so
shows that « should be selected quite carefully. On the other hand if
too low & value of « is selected, then the losses will be too high. These
losses might in turn- be reduced by selecting a lower value of K, but
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Tig. 4—Loss and output functions for class B amplifiers.

then the efficiency and output would be correspondingly reduced. The
slope of the I' curve is likewise quite steep and this also indicates the
desirability of the accurate selection of load impedance.

In a class C amphﬁer if the optimum value of load impedance is
not chosen, a modification of operating angle will restore the loss to the
permissible value with only a slight change in output. In the class B
amplifier the operating angle is fixed and so the proper selection of
load is more important.

The value of output/loss may be computed from (11) and (12).
Since the tube determines the value of T as given by (13), this is used
as the independent variablg in the curves shown in Fig. 5.

Frequently the final stage of a transmitter is designed so that it can
be operated either class B for a modulated amplifier or class C (un-
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modulated) for telegraph signals. Since the value of I' also determines
the output possible in an unmodulated class C amplifier, as was dem-
onstrated,! the ratio of the possible output as a class C amplifier to
the output as a class 13 amplifier can be computed as a function of T
This ratio is also plotted in Fig. 5. 1t should be remembered that to
obtain this possible oulput as a class C amplifier, the bias, grid excita-
tion, and load impedance would all have to be changed when a transfer
ismade from the class 13 operation.
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Fig. 5—Output functions for class B amplifiers.

APPENDIX

As an example of the application of these principles the computa-
tions indicated will be carried out for a UX 210 tube. The characteris-

tics of the tube are

R, = 4150 ohms
uw=8.3
allowable loss = 15 watts
the value of plate voltage selected will be 700 volts
700

th I, = — = 84 volts
ot 3.3
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2 X 4150 X 15

= 0.0273.
9.3 X 700%
Assume K=0.45.
I'rom Fig. 3 «=13 '
13 X 4150
L = T = 5800 Oth
V2 X 8.3
By .. =0.45(0.707 +- ——— ) 84 = 57 volts.
Yoff 15
vy 700
3 A255600 AT
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Tig. 6—Test run on design of class B amplifier.

In constructing the tank circuit a reactance of 687 ohms and a dis-
sipative resistance of 81 ohms were selected to give the desired 5800
ohms. Then,

0.45 X 700 X 13

= — = (0.282 amper
it T /2% 687 X 15 pere

2 X 0.45 X 700 X 13 ) ’
I, = = 30.0 milliamperes.
w X 5800 X 15

I'rom Fig. 5 the output/loss will be
output/loss = 0.44
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therefore,
output = 0.44 X 15 = 6.6 watts
) 6.6
efficiency = ——— = 30.5 per cent.
154+ 6.6

A tube was set up and operated with the tank circuit deseribed
above and with the selected values of plate and grid voltage. The
curves obtained are shown in Fig. 6. If an unmodulated wave of 57
volts is applied to the grid then the modulated wave would swing from
zero to 114 volts, and it is seen that this is essentially the linear part of
the E,— Iy characteristic. The measured values at

I ,=57 volts are
I-=0.288 ampere
I,=31.5 milliampere
efficiency =29 per cent
loss=15.3 watts.

These agree well with the computed values given above.
The alternating grid voltage at which the maximum grid voltage
should equal the minimum plate voltage would be
I, (f ) o 127 volt
7 (for €pm = Cym) = —— = 127 volts.
’ ! ’ 0.45
The value of the minimum plate voltage would be 2 Ey/(a+2).

2 X 700
Cpm = = 93 volts.
15

These values cheek with the experimental results shown in Fig. 6.

O L~ 4 ~ e
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A NETWORK THEOREM*

By

J. G. BRAINERD
(Moore School of Electrical Enginecering, University of Pennsylvania, Philadelphia, Pa.)

Summary—It is shown thal any relalion between any of the commonly used
parameters of a linear passive network (of any complexily) with two pairs of termi-
nals is the equivalen! of some other equally true relation which, by a simple rule
for symbol substitution, may be obiained from, bul is not necessarily algebraically con-
tained in, the original expression. This symbol substitution theorem applies not only
to transducer parameters but also to those quantities which describe the action of the
transducer with load, with one exception.

Distinguishing between the theorem and the rule for symbol substitution included
in it, the rule may be used arbilrarily in cases where the theorem does not apply.
By such a process it is shown that there is a closer relationship between certain
structures than has heretofore been known. As an incidental to bringing the so-called
general circuit paramelers under the theorem, these have been expressed in terms of
* other parameters in such a way that certain minor theorems roughly analogous to
Thevenin’s theorem result.

N THE general theory of steady-state conditions in linear passive
networks with two pairs of terminals it is necessary to use three,
and frequently convenient to use more, of those circuit parameters

which may be utilized to specify the transducer. Since only three of
the parameters can be independent, any parameter can be expressed
in terms.of any other three. Consequently there exists a large number
of relations between the various parameters, many of which are of prac-
tical importance. In addition, the receiver impedance is arbitrary, and
input impedance, current ratios, and other quantitiés specifying the
action of the transducer with load can be expressed in terms of the
transducer' parameters and the receiver impedance, thus increasing the
number of relations associated with transducers.

It is the purpose of this paper (I) to show that any relation be-
tween any of the common parameters of a transducer is the equivalent
of some other relation which may be obtained from the former by a
simple substitution of symbols and to show that the same rule applies
with one exception to the expressions which specify the over-all action
of the transducer with load; (II) to use the rule of (I) to obtain new
relationships between certain types of sections; and (IIT) to state sev-
eral additional propositions in general network theory.

* Decimal classification: R140. Original manuscript received by the In-
stitute, February 19, 1935.

! The term transducer is used throughout to indicate a linear passive net-
work with two pairs of terminals.
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The following is a list pf some of the symbols used. References are
to Fig. 1, where the currents I, I and the electromotive forces Iy, Iy
are shown. All quantities are complex.

2z, is the receiver impedance; Ey= —z.I, when an impedance 2, is
connected at 22/,
2 is the input impedance at 11’ when Ey= —z,l>.

21, =21 when 227 are short-circuited (z.=0).
210=21 when 227 are open-circuited (z,= ).
2..=1I01/I5 when 22’ are short-circuited (z, is the short-circuit trans-
fer impedance).
2= —Ds/I when 22" are open-circuited (2.0 is the open-circuit
transfer impedance or the generalized mutual impedance).
oy=1,/I, (z- arbitrary). '
= —I,/E, (z, arbitrary).
o1, = o1 when 22’ are short-circuited (z,=0).
0= — 51/ By when 22’ are open-circuited (z,=0).
A, isa general circuit parameter (= o15) ; see equation (23).
A, is a general circuit parameter (=r110); see equation (23).
2w is the iterative impedance at 11’ (z1=2n when z,=zr1).
21 is the image impedance at 117 (zn*=210210).

The reciprocal of any z above will be written y with the subscripts
of the z. To every quantity containing a subsecript 1 there is a corre-
sponding quantity with subseript 2; thus 2y is the impedance measured
at 22 when 11’ are open-circuited, ete.

_— 1 2 ofr——

1C e

| . l' 2 ortp———

Fig. 1-—Transducer.

1. SymBOL SUBSTITUTION THEOREM

Theorem: Any relationship between any of the quantities given
above (including those not listed, but implied in the preceding two
sentences) can be converted into some other equally true relationship
by making the following changes: change each z to y and vice versa,
each subscript 0 to s and vice versa, each ¢ to 7 and vice versa.

The proof of the theorem is given in the appendix.

As illustrations of the use of the theorem, consider the following
equations, which are typical of those met in transducer theory.

zio = V220(210 — 21s) _ (1)
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210226 = 1/(Y1aY2e — Y1s*) (2)
Zo0 + 2r
o = — (3)
210
Zio®
21 = 219 — —————— (4)
Zo0 + 2r
= %[(2’10 - 220) + \/(210 - 220)2 + 4210223]- (5)

Under the symbol substitution rule given above, these transform re-
spectively into the following: ‘

Yis = Vyae(y1s — Y10) (1a)
Y1sy20 = 1/(210220 — 210%) (2a)
Yas + yr
7= J_2_‘/ (3{1)
yls
Z/l.92
Y1 =Yg — ———— (4a)
?/23 + Yr
Y = 3[(W1s — y20) £ VW1 — y2)% F H1et20]. (5a)

All of these are true, and can be derived by network analysis or from
the general theory of transducers.

LEquations (1a) to (5a) express results which are not included in the
corresponding equations of (1) to (5). It is seen that although the symbol
substitution theorem here yields no result not obtainable by other
methods; it serves to condense the entire general theory of transducers
in that, in order to have the same total of information, many fewer
relations need be explicitly expressed than are necessary without the
theorem. Furthermore, it is shown in the following that the rule has
a much wider significance than is evident from the statement of the
theorem above.

Transducers in Series: If two transducers are in series (Fig. 2), then,
denoting the parameters of the first by a prime and those of the second

Jo———— !/ 2 i 2 o—— o2

PRIME DousLe Pmrimc

/’“ —o ! =X I 2'0—t—0a2’

-

Fig. 2—Two transducers in series. Numbers within the rectangles represent
terminal designations of subsidiary transducers, numbers at extreme ends
are terminal designations of the major or over-all transducer.

by a double prime, the open-circuit parameters of the major transducer

formed by the two subsidary transducers in series are
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14
, 225" + 210"’
210 = %10 .
220" + 210
1’
LI 7Y
220 = %20 .
20" + 220
I3
210’210’

= —————- (6)

I3 1’
220" + 210

The short-circuit parameters of the major transducer arc

,<3/20’ + .?/13”>
Yis = Yis\ —
?/25, + yls”

”<le” + y2s,>
Yos = Yos -,
y1s" + ya'

yls,yls”
Yes =~ (M)
y2s + Y1s

It is seen that equations (6) are related to (7) by the symbol substitu-
tion rule. Hence the theorem holds for all the parameters (and other-
quantities listed in the table of symbols) of the major transducer when
expressed in terms of the parameters of the subsidiary transducers,
the major transducer, and the receiver impedance. The argument can
be extended to show that the theorem applies in the case of any num-
ber of transducers in series. .

If at the junction of the prime and double prime sections corre-
sponding impedances looking each way are equal (z20"=210"" and 2y’
=2,""), then the major transducer is symmetrical (electrically) and

210 = R20 = L(z1e" + 2') = (e’ + 22"
Y1 = Yos = 3" + y1’) = 2(yes"" + y20'). (8)

The parameters of the major transducer are now expressed in terms
of the parameters, measured at one pair of terminals, of the subsidiary
transducers or the half sections, in terminology customary in this case.
It has been shown by Bartlett? and Brune® that equations (8) hold
when the prime and double prime sections are joined by more than two
conductors. It is sufficient for the present purpose to note that the
half-scction parameters conform to the symbol substitution theorem.*

2 Bartlett, “An extension of a property of artificial lines,” Phil. Mayg., vol. 4,

p. 902; November, (1927). ]
s Brune, “Note on Bartlett’s theorem for four-terminal electrical networks,”

Phil. Mag., vol. 14, no. 93, p. 806; November, (1932).
4 The half-section parameters are intimately related to the image imped-

ances.
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II. AprricaTiON OF THE RULE To CERTAIN SECTIONS

The impedances of the arms of a T section (notation as indicated
in Ifig. 3) may be written '

Zg = %10 — 210

2 = 210
Z¢ = Z20 — Zt0- (9)
VVVVVA-
Za Ze Yo
Zs . Ya Ye
(a) (5)

Fig. 3—T section (a) and T section (b).

That is, (9) may be considered to give the open-circuit impedances
of the T section in terms of z,, 2, and 2. or to give the conditions under
which the T section will be equivalent to a transducer with parameters
210y 220, and FATR

Applying the symbol substitution rule to these,

Yo = Y1s — Yts
Yo = Yts
CYe = Yos — Yus (10)

which are the equations for the admittances of the arms of the II sec-
tion shown in Fig. 8. There is thus a correspondence between any arm
of the T section and the corresponding arm of the II section. Either
section, under the symbol substitution rule, contains in its equations
those of the other section.

Furthermore, the complementary relationship applies not only to
the impedances and admittances of (9) and (10) but also to other
quantities. I'or example, the iterative impedance of the T section at 11’

1S
2 = 3(20 — 2.) + 4/21,(2[1 + z.) <1 + Z—a: ZC>

Zb

and the y; derived by application of the symbol substitution theorem
is

Yo + yc>

Y = 3 — v /‘/yb(ya + ve) <1 +
. 4y,
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which is the iterative admittance of the II section at 11’ terminals.
Likewise the current ratio of the T section is
2y + 2 + 2,

2y

o1 —

and the voltage ratio 71 derived by use of the symbol substitution theo-
rem is

Yo + Yo + Y- 1
= = — (@ + 22 + Zeir)

Yo Zelr

T1

which is the voltage ratio of the IT section.

Za zc Ze Y Y
W m

(a) (5)
Tig. 4—Two complementary structures.

It can be concluded from these illustrations that a complete knowl-
edge of one type of section gives, without algebraic manipulation, a
complete knowledge of the other type of section. Thus it would appear
that the symbol substitution rule points to a closer relationship be-
tween these two elementary sections than has heretofore been known.

The relationship between T and 1T sections shown above can be
extended to cover transducers composed of impedances connected
- only in series or in shunt with a line. Tor the first (a) section shown in

Iig. 4
' Zb(ZC + Zd)
Zo + 2o+ 24

< + Zdie >

A Zec

’ Zd + Ze

Z1s = %a + (11)

ZdZe
2y + Zc +
z2a + 2.

210 = %a

and zg0 and 2, are of similar form.
The second (b) section of Tig. 4 has parameters
Yu(Ye + Ya)

Yis = Ya +—
yb+yc+?/d
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yd?/e
Yo <yc + —)
Ya + Ye

Y10 = Ya + : (12)

ydye
Yo + Yo+ ——
Yi + Ye

It is seen that (11) and (12) are related by the symbol substitution
rule, that is, equations (12) are the result of applying the rule to (11)
and vice versa. Hence either of the sections shown in Fig. 4 is the com-
plement® of the other, and the symbol substitution rule applies not
only to zi0, Z20, Y15, and s, which is more or less evident by inspection,

9 By — v
PRIME : PRIME
! Y 2 2 I 2’
A 1 2 2 1 2
Dbousre prire DouBLe PRiME
o 2] {1 o4 2ol o2
(a) (5)

Tig. 5—Transducers in parallel (a) and side-series (b).

but also to z/, z,. and all the other parameters listed in the table of
symbols. The equivalence, under the symbol substitution rule, of the
basic equations of the sections is thus far more extensive than is evident
on first sight. It should be emphasized that there need be no numerical
relation between the impedances of (a) and the admittances of (b),
Fig. 4; ya is not necessarily 1/z,, for example. The only relation between
the two sections is that wherever an impedance in series (shunt) with
the linc appears in (a), a shunt impedance or admittance has been in-
serted in shunt (series) with the line in (b). No numerical relations
between corresponding impedances are implied.

Transducers in Parallel. If two transducers are in parallel (Fig. 5
(2)) the major or over-all transducer formed by the two has short-
circuit parameters

Y1s = yls' + ?/13” -
Yis = ?/rs/ + yls//
Yoo = Yo' + o' (13)

¢ The words “complement” and “complementary” are used to refer to sec-
tions or impedances related by the symbhol substitution rule.
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Applying the symbol substitution rule to these, there are obtained

- . ! .t
~10 = ~10 + ~10
- _ o~ ! . 1
~10 =~ _{' ~ (0
- — ! - 12
~20 — ~20 + ~20

which are the open-cireuit parameters of two transducers connected in
side-hy-side series (not end-to-end, as is usually designated by “series™).
Such an arrangement is shown in Fig, 5 (b). 1t is seen that there is a
cortain analogy between the interchange of impedances in the seetions
of Fig. 4 and the arrangements shown in Fig. 5.

The equivalenee under the symbol substitution rule of the basie
expressions for transducers in parallel and transducers in side-series
ean e extended to cover any number of transducers, The equivalence
applies not_only to open- and shor{-eireuit impedances, but {o all the
quantities cnumerated in the list of symbols at the beginning of this
paper.

Other Types of Seetions. Of the simple seetions, other than the T
and 11 seetions, the most common are the bridged-T and the lattice
tvpes. Fig. 6 shows symmetrical forms of these sections to which the
following is confined for simplicity.

For the bridged-T section,

1/20= yo = Ve + Vie — 2Ua
and,
~a~t0 T ~10~1s

24 = R4 (15)

Se T 2(510 - ::0)

aive 5, and 2y when z, is arbitrarily chosen,
and,
2y = T+ S0 — 2z4

Ydl s — Yishh
1/‘:“ — = 1l ¢ 1:Y10 (16)
ya — 2(s — Yeo)

give z, and z, when zq is arbitrary. If z, is chosen arbitrarily,
2!/.; = lis + Yis — Yo
Q724 = Z10 + Z10 — Zb- (17)

Applyving the symbol substitution rule to (15), (16), and (17) there
are obtained

and,

Zp = Z10 T Zt0 — 2zq
Yalts — Y1sY1r0
Ya — 2(,7/13 - yts)

Ya =
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Yo = Y1s + Yes — 2Ya

2dRt0 — <1021 :
Za = ’ (16a)
Zqa — 2(210 - Zto)

2z, = Z10 + 2w — %
27:1' = Yis + Ys — Yo

which are the equations of a bridge-T section similar to that shown in
Fig. 6 (a) except that the symbols z, and zs are interchanged. Hence
the complement of a bridged-T is another bridged-T. It can be seen
that not all of (15) and' (16) are necessary; given (15), the symbol
substitution rule gives (15a), and these are for the complementary
section the same as (16) for the original. Likewise only one of equations
(17) is necessary. More important, if ¢, is given for one section, =, can
be obtained for its complement which, since the forms of the original
and the complement are similar, is the same as obtaining 7, for the
original. : -

AAAAAAAAN 2

.. Za
!
o AP 4
1 . 2
AAA AAAAAS Zb
2, -
zd <b
. 1 2 I AAAMAA 3
2d

(a)
(5)
Fig. 6—Symmetrical bridged-T section (a) and symmetrical lattice section (b).

In the case of the lattice section, Tig. 6 (b), either z, or z, may be
chosen arbitrarily. The equations for z, and z4 in terms of z, and the
section parameters are

2y = Z10 + 210

and,
z10(zee — Za)
g = ——————. (18)
210 1+ 2q
These transform, under the symbol substitution rule, to
Yo = Y1s + Yis
and, (
Yes(Yto — Ya)
Yo = ———— - (19)

3/:0 + ya

which are the equations of the same section with the 22’ terminals
reversed.
Hence in the cases of the bridged-T and lattice sections, networks
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which cannot be built up by conneceting impedances in series and in
shunt with a line, the symbol substitution rule gives for each section
results which are intimately related to the section itself. In each casc
a complementary seetion ean be set up: for the bridged-T of Tig. 6 (a)
another bridged-T with the symbols z, and zg interchanged on the dia-
eram; for the latlice seetion another lattice seetion obtained by inter-
changing 2 and 27,

111, Soae NeETwork RELATIONS
The so-called “general® cireuit parameters™ are used rather widely
in power work and but sparingly in the communication ficld.” 1f I,
and 7, (INig. 1) be written
I'J'l = I’:-_‘ + I)’]Q
I, = Clls 4+ DI (20)
then A, B, C, D are ealled the general circuit parameters. If 7y and I,
are the load voltage and current, then a knowledge of the source clee-
tromotive foree and current, together with oA, B, €, D will enable the
power delivered to the load to be computed. Tt is for this reason, among
others, that the general cireuit parameters have been useful in the
power ficld.
In terms of the short-circeuil parameters,
I = !/1sEl + 1/1.«]52
Is = yoly + yee O . (21)

and in {erms of the open-circuit parameters

Ky = sl — Zeol2

7 = — zl1 + z20l2 (22)
whence,

El = - -‘l:EQ -+ 51512

I = — ywlle + A,1: (23)

where,
A. = z10/z0 and 4, = Z1s/Z1s -
Lquations (23) are in the form of (20), and by comparison it is seen
that B=z, and C = —y. 4. has been written for 4 and 4, for D. To

interpret 4. and A4, it may be noted that

¢ A misnomer. These parameters are no more general than the open- or
short-circuit parameters.

7 Gewertz in “Network Synthesis,” Williams and Wilkins, Baltimore, 1933,
uses them and indicates where they have been used by others in communication
problems.
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210 213

Az=_'=7'10="_=0'23
210 Z29s
Zts 220
Ay=—=0g,=— =79 (24)
hence, Z1s 2w '
L= — T10E2 + 2405
I, = — ytoE2 + o1l

It is thus seen that the “general circuit parameters” are simply four of
the short- and open-circuit parameters. For this reason none of the
examples given above have been concerned with them.

However, equations (24) permit some interesting interpretations.

(1) The first of equations (24) states that the total applied electro-
motive force I, is always the sum of (a) the electromotive foree which
would have to be applied at 11’ to produce an open-circuit voltage I,
at 22" and (b) the electromotive force which would have to be applied
at 11’ to produce a short-circuit current I, at 22/, -

(2) The second of equations (24) states that the total current I; -
entering the network is the sum of (a) the current which would have to
enter to produce an open-circuit voltage — E, at 22’ and (b) the current
which would have to enter to produce a short-circuit current I, at 22°.

These two interesting theorems appear to be closely related to
Thevenin’s theorem, but whereas the latter states that I,= —Es/
(22s+2r) = 290] 05/ (22 F2,), (Bao=e.m.f. at 22’ when z,= oo ; I, = current
at 22’ when 2,=0) and hence gives I, and E», the former give measures
of E; and I,.

As an incidental it may be noted that the occurrence of ., twice in
(21) is usually interpreted as the reciprocity theorem: E,/I, when
E,=0is equal to F,/I; when E;=0. I, in the former case and I, in the
latter are short-circuit currents in the nomenclature used here. Cor-
responding to the reciprocity theorem for (short-circuit) currents is
one for open-circuit voltages. It results from the occurrence of z
twice in (22): Ey/I, when I,=0 is equal to E;/I, when I;=0. That is,
the current I required to‘produce an open-circuit voltage E, at 22
(Fig. 1) is the same as the current I» required to produce an equal open-
circuit voltage at 11’.

APPENDIX
The following relations hold?:!
210 220 20 1= FiZes 210220_ Zts? “210%20 -
Zls 22 Zus 21225 21081 Zus® — Zusfas Z10%20 — Zieo

8 Brainerd, “Relations between the parameters of coupled-circuit theory and
transducer theory with some applications,” Proc. I.R.E., vol. 21, pp. 282-290;
February (1933). .



Brainerd: 4 Nobreorl Theorem 327

AP Hia Ty Tt R
Uy -y : ,]/,'u" Hyelicn T, 1 TiaTon T ! e
as-Tgn Tielo TonTte i Tl I "{‘ 7 S

(:.’ ’%‘ ‘lp\ k l,‘_
- - - - ' - - -
Jie li- e I A Gty o Do

The quantity pois the filter foctor zo-b o= 200 Ao frequeneles
which ennse the poof o resistaneeless seetion to fall between 0 and 1
e in o teansmission hand, oll others are in attenuation hands: The
tio st i o when the reeeiver impedanee is the iterative -
pedanee. TEmay be shown by applieation to caeh terme that 7 cand
pooan and s are invariant under the syibol substitution mle, and
that cach equality true before the theoremn is applied vields o trme
result when transformed secording to the theorem, Now it several equa-
tions obey the thorem: for example it e band c=d obey it then the
cquations ae = bdya e b, and cbe o hebd obey i asowell ss all
other equations which ean he built up from the first two Ty aleebhraie
processes. Sinee the group of cqualities given above inchides all gquanti-
ties under consideration here, and iz >ll“i(‘il‘l\(l_\' (‘tlIl\[)I'l'll!'H.\'i\'l' to
allow any quantity (o be expressed in termis of any three others hy
aleebraie manipulation, the theoreny is proved in so far s i relates (o
these quantities.

To prove that 2y, @ 7 2o Jy obey the symbol substinntion theorem
cach ean be expressed in terms of the transdueer parameters, and =
when necessary, and tricd. 11 the theoren holds for any given expres-
cion. it will continue to hold for any other expression for the =ame
quantity, sinee the transdueer paranmeters all obey the theoren.

There is one impedanee whieh does not obey the theorem—the
transfer impedance under toand (z.=F, I, when Ei=—=z1.. The

reason can he seen from

Sinee =, . 5. oand @ conform to the theorem, it is imposzible for z; 1o
do so. For, applying the theorem

— }.oy = T = M
or

— 6y = 7. = Dl = S

which would require =%, =,z which is not true in ceneral.

e D > D < G e
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DISCUSSION ON “PARASITES AND INSTABILITY
IN RADIO TRANSMITTERS”*

G. W. FyLER

James Greig:! It occurs to me in reading Mr. Fyler’s very interesting and
comprehensive study of radio transmitter instability, a subject which presents
an almost endless variety of interesting phenomena and which may be ap-
proached from a number of different points of view, .that a note on one or two
points from personal experience may be of interest.

4

J_: 6}
Cga—— HF Cga"p— 1
—
S L 4
I
(a) (4

Fig. 1

Fig. 2

I have found it helpful, in the case of the simple retroactive short-wave
parasite, to regard the retroaction as having either the Colpitts or the Hartley
mechanism. Consider first the case of a single valve circuit having an inductive
connection between anode and grid but in which the only capacitances of im-
portance are-the internal valve capacitances, the external stray capacitances be-
ing negligible, Fig. 1(a). This is, obviously, a form of Colpitts circuit, the drive
being provided by the capacitance potentiometer formed by C.; and C,; in series,
which might be expected to self-oscillate if the ratio Cy; to C,; is suitable. Alter-
natively, if the stray capacitances of the external circuit to ground are large
compared with C,; and C,, the circuit takes the form of Fig. 1(b), again a Col-
pitts circuit, with the drive determined by the ratio of C; to Ca. The other extreme
case would be one in which the capacitances to ground are negligible in compari-
son with C,. and any capacitance paralleling it but in which a low impedance
connection exists between the filament and some point on the inductance, as in
Tig. 2, forming a Hartley circuit.

* Proc. I.R.I,, vol. 23, pp. 985-1013; September, (1935).
! University College, London, England.
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'In the case of the Colpitts circuit, the addition of an antiparasitic capacitor
between grid and filament may be regarded simply as reducing the drive by mak-
ing C, large in comparison with Cy, while, with the Hartley circuit, placing an
antiparasitic capacitor as close to the valve as possible reduces the drive by re-
ducing the ratio of grid inductance to anode inductance to its lowest value.

The fact that both grid and filament are inherently inaccessible and any
paralleling capacitor is necessarily separated from both electrodes by a certain
amount of inductance emphasizes the necessity for placing antishort-wave ca-
pacitors very close to the valve, but the importance of endeavoring to anchor the
filament potential somewhere near the general ground potential at short parasitic
wavelengths is, 1 believe, often overlooked. Standing waves have been observed
even on filament bus bars where these were several feet long and connected to
the general ground system at only one point. It has also been found that, with
the antiparasitic capacitor mounted a little away from the valve, a standing
wave can exist on the grid lead, utilizing the antishort-wave capacitor has a
nodal point. In such cases subdividing the antishort-wave capacitance and dis-
tributing it at intervals along the grid conductor is sometimes effective.

With regard to the effect of plate and grid chokes in relation to short-wave
parasites it has been found occasionally that a standing wave oscillation on a grid
lead would be accompanied by a standing wave on the plate choke, the standing
wave mode of the plate choke corresponding to this frequency, thus evidently
presenting the requisite inductive reactance at the plate to enable oscillation to
be maintained. Where chokes have heen wound with less than a quarter wave-
length of wire and cfficiently hy-passed to ground at the direct-current ends little
trouble has been experienced with excessive voltages or currents at the funda-
mental frequency. Long-wave parasites in which plate and grid chokes in series
resonated with the blocking capacitor in series with the output bank of high ten-
gion smoothing capacitors have been suppressed by the method of reducing the
grid and increasing the plate choke inductances as deseribed in the paper.

With reference to the single valve circuit shown in Fig. 5A in the paper, it
has been found that, although parasites in this circuit can be suppressed by the
usual methods, the circuit appears to be inherently unstable at a frequency close
to the fundamental, while the corresponding circuit using a center-tapped grid
capacitor is free from this trouble. A simple explanation of this effect is suggested .
in a paper entitled “Some Notes on the Stabilising of High-Frequency Power
Amplifiers,” Jour. I.E.L. (London), August, (1935).

G. W. Fyler:? Mr. Greig’s discussion and recent paper present worth-while
circuit considerations which should be helpful in the study of several transmitter
parasites. ‘

Regarding the filament bus standing waves of voltage mentioned, these
have been known to cause abnormal sparking at the commutator of an associ-
ated filament motor-generator. 1 agree that grid-filament capacitors usually
should he mounted very close to the tube to reduce the inductance of the grid-
filament loop. This procedure helps greatly to prevent parasitic trouble with
large water-cooled tubes, such as the General Electric Company 100-kilowatt
tube (RCA 862). The grid and filament leads are hrought out at one end of the
tube. Development, work on similar high power tubes where the grid lend was
brought out at the opposite end from the filament indiented that the parasitic
trouble was greatly increased because it was not possible to achicve a short, grid-
filament path.

2 General Electric Company, Seheneetady, Now York.
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BOOK REVIEWS

A Fugue in Cycles and Bels, by Jon Mills. D. Van Nostrand and Co., Inc.,
250 Fourth Avenue, New York City. 264 pages. Price $3.00.

Although it was evidently the author’s primary purpose in writing this book
to write for those whose main interest is in music, radio engineers will find its
reading both profitable and interesting. The tréatment is novel and descriptive,
analogies to common experiences being frequently -drawn upon. A historical
approach to the discussion is used throughout. Perhaps it isnatural in this phase
of the writing that the author hasoveremphasized the contributions of the tele-
phone engineers. h

The book is divided into four parts, entitled: “From Pythagoras to Bell,™
“Telephonic Studies of Hearing,” “An Electrical Future for Music,” and “Plots
and Graphs.” In the first section of the book a brief discussion is given of the
fundamentals underlying the perception of musical tones, simple electrical re-
producing apparatus and musical scales; in the second section a very readable
discussion is given of the limitations and range of the ear in the perception of
sound. The third section discusses in simple terms such subjects as the power
output of musical instruments, recording, noise, auditorium acoustics, electrical
musie, and teaching aids. In the discussion of disk recording the reviewer be-
lieves that the author has created a false impression by comparing the results
obtained with a necessarily rather inexpensive form of lateral recording with a
highly specialized form of vertical recording, and implying that these results
give a fair comparison of the maximum attainable by these two methods.

*IrvinGg WoOLFF

Sound, by F. R. Watson. Published by John Wiley & Sons, Inc., New York
City. 219 pages. Price $2.50.

As a subtitle the author has added “An Elementary Textbook on the
Science of Sound and the Phenomena of Hearing.” This expresses very well the
scope and purpose of the hook. _

The treatment is physical throughout, mathematics having been avoided
to as great an extent as is possible in a text on this.subject. The emphasis is
placed on the fundamentals of the science of sound rather than on the applica-
tions. A comprehensive list of problems is included at the end of each chapter.

- In view of the successful experience of the author in the teaching of sound,
this-book should undoubtedly be of value to one who is desirous of learning some
of the physical basis underlying the subject of acoustics, or as a classroom text
for students who have only an elementary training in physies and mathematics.
Tor those who are interested in proceeding with their studies, a complete bibliog-
raphy of the important books on sound is included at the beginning of the text.
- : *IrviNg WoLFF

* RCA Manufacturing Company, Inc., RCA Victor Division, Camden, New Jersey.
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BOOKLETS, CATALOGS, AND PAMPHLETS RECEIVED

Copies of the publications listed on this page may be obtained without
charge by addressing the publishers.

Broadside T on electrical measuring instruments for research, teaching, and

testing, has becen issued by Leeds and Northrup Company, 4902 Stenton Avenue,
Philadelphia, Pa.

Bulletin No. 270 of the Rubicon Company of 29 N .6th Strect, Philadelphia,
Pa., covers potentiometers.

Insulators made from lava, alsimag, alumina, beryllia, and magnesia are
described in Bulletin No. 34 of the American Lava Corporation, Chattanooga,
Tenn.

Doolittle and Faulkner, Inc., 1306 W. 74th Street, Chicago, I11., have issued
a leaflet describing their coaxial transmission line. Their antenna coupling units
are deseribed in another leaflet.

National Union Laboratories of 365 Ogden Strect, Newark, N. J., has issued
data sheets on. the 6ASMG, self-excited electron-coupled converter; 6C5MG,
medium-mu voltage amplifier; 6'5MG, high-mu voltage amplifier; 6F6MG,
power amplifier; 6HI6MG, twin .diode; 6J7MG, sharp cut-off detector and am-
plifier; 6K7MG, remote cut-off radio-frequency and intermediate-frequency
amplifier; 6L7TMG, externally-excited clectron-coupled tonverter; 6Q7MG, twin -
diode high-mu triode; 5Z4MG, full-wave rectifier; 6185, tuning indicator; and in-
herent diode bias. : : o :

«Tantalum” is the subject of a booklet published by Fansteel Metallurgical
Corporation of North Chicago, Ill.

Controlled rectifiers fbr uses requiring constant direct voltage under vary-
ing load conditions are described in Bulletin 8601 of the Ward Leonard Electric
Company, Mount Vernon, N. Y.

RCA Manufacturing Company, Radiotron Division of Harrison, N. J.,
has issued Application Note No. 53 on the6L7as a volume expander for phono-
graphs and application Note No. 54 on Class AB operation of Type 66 tubes
connected as pentodes.

An Enginecring News Letter is issued at irregular intervals by Hygrade
Sylvania Corporation of Bmporium, Pa., and covers developments in tubes and
circuit applications. A technical manual supplement gives characteristics of
nine metal tubes. Technical data sheets have been issued on the 6Q7, double-
diode high-mu triode; 6155, tuning indicator; ballast tubes; 1A4 and 1134, radio-
frequency amplifiers; 6X5 high vacuum full-wave rectifier; 1135/258, double-
diode triode; and the 25A6 power amplifier pentode.
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Sue is one of 850,000 owners of Bell Sys-
tem securities. They are typical Ameri-
cans—some young, some middle age,
some old. They live in every part of the
nation.

One may be a housewife in Pennsyl-
vania. Another a physician in Oregon—
a clerk in Illinois—an engineer in Texas
—a merchant in Massachusctts—a minet
in Nevada—a stenographer in Missouri
—a teacher in California—or a telephone
employee 1n Michigan.

For the most part, Bell System stock-
holders are men and women who have
put aside small sums for saving. Morc
than half of them have held their shares
for five years or longer. More than

*
SHE’S A PARTNER IN-A
GREAT AMERICAN BUSINESS

e

650,000 of these 850,000 security holders
own stock in the American Telephone
and Telegraph Company—the parent
company of the Bell System. More than
225,000 own five shares or less. Over fifty
per cent are women. No one owns as
much as one per cent of the stock of
A T. & T. In a very real sense, the
Bell ‘System is a democracy in buciness
—owned by the people it serves.

Over 270,000 men and women
work for the Bell System. One
person out of every 150 in this
country owns A. T. & T. securities
or stock and bonds of associated
companies in the Bell System.

RBELL TELEPHONE SYSTEM

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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ACCURACY &
GUARANTEED
WITHIN 2,

PRECISION
WITHOUT
EXTRAVAGANCE

MODEL 223 D.C.
5-0-5 AMMETER

Here is shown a 2" metal case clamp-on type Ammeter—just one of Triplett’s large
line of Instruments. Made in Bakelite and metal cases. D.C. instruments are the D’Arson-
val moving coil type, A.C. are the movable iron repulsion type with an'outstanding

design.

TRIPLETT MANUFACTURES a complete line of all sizes and styles electrical meas-
uring instruments for radio, electrical and general industrial purposes both standard

and custom built. If you have an electrical instrument problem write to TRIPLETT.

| MAILTHIS COUPON |

l Triplett Electrical Instrument Company |
2" 212 Harmon Drive, Bluffion, Ohio

Please send me your new 1936 Catalogue . .. .. I

Name .un Ghddss ... ... 8. ]

A .
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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The Ingtitute of Radio Engineers

Incorporated
330 West 42nd Street, New York, N.Y.

"APPLICATION FOR ASSOCIATE MEMBERSHIP

(Application forms for other grades of membership are obtainable from the
Institute) .

To the Board of Directors
Gentlemen:
I hereby make application for Associate membership in the Institute of Radio

Engineers on the basis of my training and professional experience given herewith,
and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if clected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City and State)

Sponsors:
(Signature of references not required here)

Mr. B NLTe e e eraenmeee wemeemeemeeesera e e

City and State

The following extracts from the Constitution govern applications for admission to the

Institute in the Associate grade:

ARTICLE II—MEMBERSHIP

Sec. 1: The membership of the Institute shall consist of: * = ® (c) Associates, who shall be
entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V. * * *

Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who
is interested in and connected with the study or application of radio science or the radio arts.

ARTICLE III—-ADMISSION AND EXPULSIONS

Sec. 2: * * * Applicants shall give references to members of the Institute as follows: * ¢ * for
the grade of Associate, to three Fellows, Members, or Associates; ® * * Each application for
admission * * * shall embody a full record of the general technical education of the appli-
cant and of his professional career.

ARTICLE IV—ENTRANCE FEE AND DUES

Sec, 1: ; ’(; Entrance fee for the Associate grade of membership is $3.00 and annual dues
are $6.00. ,

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION

X1




(Typewriting preferred in filling in this form) No...........

RECORD OF TRAINING AND. PROFESSIONAL
EXPERIENCE '

.......................................................................
...........................................................

............................................................

Placeof Birth ............... ... .. ... .. Date of Birth ............ Age ......

Education ... ..

Degree .o
(college) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

-

Record may be continued on other sheets of this size if space is insufficient.

.............



—universal as radio itself

One of the cardinal principles of the
Radio Corporation of America is
that since radio is a universal medi-
um, the Corporation must give
universal service. . . . As the chief
American factor in radio, this cor-
poration consistently recognizes and
assumes the responsibility of leader-
ship. It maintains the country’s fore-
most radio laboratories, to serve not
only American manufacturers, but
those in all other countries, where
American genius, vision and pro-
gressiveness are freely recognized and
eagerly sought. . . . To engineers of
broadcasting stations, RCA offers
RCA Radiotron Transmitting Tubes
of all powers. ... To manufacturing
and service engineers, RCA offers a
wide variety of laboratory, test and
repair equipment and parts. To all

the public, RCA offers inter-city, .

marine and international radio com-
munication; radio instruction in both
its theoretical and practical aspects;
products such as RCA Victor
Receivers and Radio-Phonographs,
RCA Radio Tubes, Victor Records,
the finest broadcast programs
through the National Broadcasting
Company and associated stations,
the enjoyment of sound motion pic-
tures at their best as recorded and
reproduced by RCA Photophone,
and such devices as public address
and educational systems. ... RCA is
the only American radio organization
making everything from the micro-
phone in the studio to the loud
speaker in the home, every piece
of apparatus coordinated with every
other to work together for the
maximum benefit of the public. ...
RCA is as universal as radio itself.

RCA MANUFACTURING CO., INC.
Camden, N. J. « A Subsidiary of the
RADIO CORPORATION OF AMERICA

When writing to advertisers mention of the PRoCEEDINGS will be mutually helpful.




THAT ONCE WERE SAILING WEEKS

Once more there are wings over the
Pacific—not the wings of canvas on
sailing boats—but the tireless wings
of the “China Clipper,” spanning 130
feet and capable of supporting a
load of twenty-five
and a half tons. In
the epic flight of the
““China Clipper,”
Cornell - Dubilier ca-
pacitors played their
part, as they have in
practically every im-
portant pioneering
achievement — in the
first trans - atlantic
flights, in the zeppelin
exploits, in Arctic and

4379 BRONX BOULEVARD

CORNELL-DUBILIER

CORPORATION

Antarctic expeditions—in fact, where-
ever reliable capacitors are a necessity.

Today, thousands of engineers are
working on problems that hitherto
have hindered progress. Radio beams
mark highways through the sky! Earth
inductor compasses point. the way
across the world! The “China Clipper”
drones its tireless way across 2500
miles of the Pacific at almost 200 miles
an hour! Cornell-Dubilier condensers
are being developed and built to
meet the requirements of this age!
Cornell-Dubilier engineers and all the
facilities of a great technical organiza-
tion are yours to command wherever
.important capacitor installations are
required!

Photo cou‘rtny of Pan American Airways, Ins.

NEW YORK

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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RECOGN’{ZING this most
important fact, these and
many other manufacturers
choose ISOLANTITE for in-
sulating their quality products.
Insist on Condensers insu-
lated with ISOLANTITE for
maximum  stability and de-
pendability - in your equip-
ment.
Isolantite Inc., 233 Broad-
y, New York, N.Y. Factory
at Bellewlle N.J.

[EHFIII]IE NSULATORS
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PROFESSIONAL ENGINEERING DIRECTORY

QUARTZ CRYSTALS

for Standard or Special
Radio Frequency Applications

Write for Catalog

BLILEY ELECTRIC CO.
230 Union Station Bldg.
ERIE, PENNA.

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.

Cathode Ray Tubes
and Associated
Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DUMONT
LABORATORIES
UPPER MONTCLAIR, N.J.

MICROPHONE
APPLICATIONS

Our engineering department will co-
operate, without o lisationo)n the
selection of suitable microph nes for
standard or special applications.

SHURE BROTHERS COMPANY
itrensss AMicroptione Hp dpuartots 5000,
215 WEST HURON ST. CHICAGO, ILLINOIS

Radio Coils designed and
engineered to suit your re-
quirements by coil special-
ists, Correspondence is in-
 vited.

'EDWIN L. GUTHMAN and CO., Inc.
1036 West Van Buren St., CHICAGO, ILLINOIS

FOR MANY YEARS

the Professional Engineering Directory
has helped consulting engineers, design-
ers, and laboratory men make the right
contacts in the radio industry. Perhaps we
can help you with your problems too. For
further information write to )

Advertising Department

INSTITUTE OF RADIO
ENGINEERS
330 West 42nd -Street
NEW YORK CITY, N.Y.

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 Professional Engineering Directory of the I.R.E.
PROCEEDINGS. Manufacturers who need services such as ‘yours and
organizations with special problems come to our Professional Engi-

neering Directory for information.

Your name and special services

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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Condensers of Every Type

Dry and wet electro-
lytles. Metal, card-
board and tubular
casings.

High-capacity low-
voltage electrolytics
for A-ellminators and
hum suppression,

®
Largest line of stamp-
ed metal case paper
condensers . . . single
and multlple sections.
®
Uncased paper-wound
condensers for bank-
ing and other assem-
bly purposes.

(-]

Complete line of Auto
Radio condensers for

initial ~ components
and noise suppression.
]

Oll-tmpregnated oll-
filled transmitting
condensers In round
and rectangular cans.

®
Complete 1ine of
molded bakelite mlca
condensers. Also met-
al-cased mlca units.

71 W ashington St.

. . . Made to Your Specifications

LTHOUGH offering the greatest choice of
standard and stock types, AEROVOX is
always ready and anxious to build special con-
densers to your exact requirements. ® We make
all types—paper, oil, mica, electrolytic . . . in
any container . . . all capacities, voltages,
combinations. ® Fully departmentalized, the
AEROVOX plant’ assures .you specialized en-
gineering and production in any type condenser
best suited to your needs. ® Likewise with AERO-
VOX resistors . . . you will find them fit compan-
ions for our condensers.

D A T A New 1936 Catalog covers AEROVOX

line of standard condensers and resis-
tors. Send for your copy. Meanwhile, please do not hesi-
tate to submit condenser and resistor problems for engi-
neering collaboration and quotations.

CORPORATION

Brooklyn, N. Y.

When writing to advertisers meniion of the PRoCEEDINGS will be mutually helpful.
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PROCEEDINGS BOUND
| VOLUMES

OLUME 23 (1935) of the Proceedings is now
Vavailable in bound form to members of the Insti-
tute. It may be obtained in Buckram or Morocco leather
for $9.50 and $11.00 respectively. Foreign postage is
$1.00 additional per volume.

Bound copies of Volumes 18 and 19 (1930 and

1931) are also available at the same prices.
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'];he Wave Change Swm:h, formerly fnade by PERFEX CONTROLS CO.,
of I\/Illwa\ukee” W1 3 }now a member of 'the “famous - CENTRALAB
'famlly. NG :[‘*-5 A ~ e

%

4
Leadmg manufacturers have “accepted” PERFEX Switches because of
their posmve bxtmg contacts and their adaptabxhty to all circuit requxre-
“ ments. .{ LA

k' ,ot

~+..and now under the CENTRALAB banner these wave change switches
} ;iwdl we beheve, enjoy: an'even greater popularity. We welcome this new
2y “'member to Centralab.

0 >
% }; 5,«
CENTRALAB DIVISION OF GLOBE-UNION MFG. CO., MILWAUKEE

PR S

P i : k CRL

Write Centralab for information on wave change
oI5 switches, sockets, vibrators, controls and Fésistors.

P Wﬂen writing to advertisers mention of the PROCEEDPINGS will be mutually helpful.
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' INSTITUTE SUPPLIES
d /EMBLEMS
Three styles of emblems are available 'to, members: of the Tnsti-

: ly. ' They 1l ‘of 14k gold with gbld letteri h
E:‘:lg.:ﬁlg?eé’" Bagﬁgrﬁﬁgd? th("e colorégf T“‘:gitch gibndic:tc:ntri;gq: .pg'a:ie

off memhetship. , The 'approximate: size { of each! emblem 1s.as
illustrated. R

T’he‘ lapel bittton is’ supplied with a Screw back having
faws ' which : fasten it seo’dteﬂg #o the coad. The price is
$2.75, postpaid, for any grade. "

The' gin which"is praovided with a -safety catch may be
obtained for mny grade for $3.00, postpaid.

The watth gharm 'is handsomely finished on both sides
and . is equipped with, a suspension ring fer :attaching to @
watcli ehainor fob.«Psice for any grade, $5.00, postpaid.

{ o/

BINDERS

A Binders are available for those who desire to pro-
tect their copies of the PrRoCEEDINGS with stiff coy-
ers, Each binder will accamniodate the twelve month-
1p'issues published during the_ year., These: hind.
éts.are of blue Spanish Grain Fabricoid with gold
s + Jettering,

‘and  wil
serveeither
as tempora-
rytransfers
.ort.as per-
manent
binders.
They are so
constructed
that each
individual
copy of the

' PROCEEDINGS .will Tie flat when the pages aré turned.-Copies can he remoyed from

thg‘binder‘_in»\a'?iéw‘ secoridstandiare not damaged by their insertion. They are
priced’ at $1.50. eacli, andrtlfesmember's nanie

wilf be stamped upon the’ bindé¢r in gold: for $0,50:addjtional.

BACK ISSUES OF THE PROCEEDINGS

' ‘] o S . gl Y pav ue 2 .
. Complete volumes. of back-issues of he\‘EROCEED!“NGS are“available tn urbound
form for the years 1918, 1921, 1922, 1923, ahd, 1926 at $6.75 per_yeat (six issues)
to 'ghembers: Also/'complete unbound’ for “1931,:1932, 1933, +1934, and 1935 at
7.501 per! yearto membars, A ljstiof the:availahle miscellaneous copies published

rom 1913 o _maytbe dbtained from the Secretary. Single copies published  prior

_ fhose issued during and afteci1927

+£0:1927 are sold to-members at $1;13/each/ an
are $0.75 each.’ Fareign, postage o single copies is ’$0.10, pef .copy, making $0.60¢

Jaon unbound ‘velumtes; hefore 1927,

gL LAY vty p oYy RS v O

Tssues 'bpqnd in blue buckram:for 1930, 1931, -&nd 1935 .are priced "at {$9.50
each ‘to” members, Foreign postage’is $1.00 ; )
1922" and 1926 .bound ~in' "Morocco feather are availab
bers, v"oh!?}‘e for 1931 is.$11.00. fiy, 3

(G A

| TWENTY-TWO.-YEAR INDEX =

An
at,$1.00' pericony. It is extengively cross indeked. The edrlier references are to
the~PROCEEDINGS of ithe Witelss Institutes the 'PRODEEDINGS of ‘pﬁ%'l,m itnte) of
}Zadxo Eqgingers' hay been publishéd, since 1913, YR RS TR N A

' ‘When ordeding aﬁr’i‘;(éf\' the mbove, »’hgr{‘diﬁxéaﬁiiﬁ}lcexwftﬁl order to the' Secretary,
Dahys o 2 Fk At e YORE PRSI P L T g T e
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