BOARD OF DIRECTORS, 1957

J. T. Henderson, President
Yasujiro Niwa, Vice- President
W. R. G. Baker, Treasurer
Haraden Pratt, Secretary
D. G. Fink, Editor
]. D. Ryder, Senior Past President
A. V. Loughren,

Junior Past President

1957

J. G. Brainerd (R3)
J. F. Byrne
J. J. Gershon (R3)
A. N. Goldsmith
A, W. Graf
W. R. Hewlett
R. L. McFarlan (R1)
Ernst Weber
C. F. Wolcott (R7)

1957-1958

H. R, Hegbar (R4)
E. W, Herold
K. V. Newton (R6)
A. B. Oxley (R8)
F. A. Polkinghorn (R2)
J. R. Whinnery

1957-1959

D. E. Noble
Samuel Seely

George W. Bailey,
Execulive Secrelary

John B. Buckley, Chief Accountant
Laurence G. Cumming,
Technical Secretary
Evelyn Benson, Assistant to the
Executive Secretary
Emily Sirjane Office Manager

EDITORIAL DEPARTMENT

Alfred N. Goldsmith,
Editor Emeritus
D. G. Fink, Editor
E. K. Gannett,
Managing Editor
Helene Frischauer,
Associate Editor

ADVERTISING DEPARTMENT

William C, Copp,
Advertising Manager
Lillian Petranek,
Assistant Advertising Manager

EDITORIAL BOARD

D. G. Fink, Chairman
E. W. Herold, Vice-Chairman
E. K. Gannett
Ferdinand Hamburger, Jr.
T. A. Hunter
A. V. Loughren
W. N. Tuttle

Responsibility for the contents of
papers published in the PROCEEDINGS
of the IRE rests upon the authors.
Statements made in papers are not bind-
ing on the IRE or its meinbers.

vore
UREAD
-

IRCULA

Change of address (with 15 days ad-
vaunce notice) and letters regarding sub-
scriptions and payments should be
mailed to the Secretary of the IRE,
1 East 79 Street, New York 21, N, V.

All rights of publication, including
foreign language translations are re-
served by the IRE. Abstracts of papers
with mention of their source may be
printed. Requests for republication
should be addressed to The Institute
of Radio Engineers.

PROCEEDINGS OF THE IRE®

Published Monthly by
The Institute of Radio Engineers, Inc.

VOLUME 45 Mélff/?, 1957 NuMBER 3
CONTENTS
Raymond A. Heising, Winner of the 1957 Founders Award .. .......................... 274
Julius A. Stratton, Winner of the 1957 Medal of Honor ............................... 275
Scanning the Issue. . AU . The Managmg Editor 276
Poles and Zeros. he Editor 277
6010, The IRE “Affiliate” Plan—A New Venture in Engmeermg Soc1ety Structure and
I VICE . o v et e R. G. Baker 278
6011. On the Statistics of Individual Variations of Productivity in Research Laboratories
............................................................. William: Shockley 279
6012. Correction to “The Waveguide Mode Theory of VLF lonospheric Propagation”. ...
.................................................... J. R. Wait and H. H. Howe 290
6013. Molecular Amplification and Generation of Microwaves. ....... .James P. Wittke 291
6014. The Spacistor, A New Class of High-Frequency Semiconductor Devices...........
....................................................... H. Statz and R. A. Pucel 317
6015. Ferrite Apertured Plate for Random Access Memory ............ Jan A. Rajchman 325
6016. Stability and Power Gain of Tuned Transistor Amplifiers........... Arthur P. Stern 335

6017. Ferrod Radiator System. . F. Reggia, E. G. Spencer, R. D. Hatcher, and J. E. Tompkins 344
6018. IRE Standards on Piezoelectric Crystals—The Piezoelectric Vibrator : Definitions and
Methods of Measurement, 1957 . 353
6019. Correction to “IRE Standards on Methods of Measurement of the Conducted Interfer-
ence Output of Broadcast and Television Receivers in the Range of 300 KC to 25 MC,

1056 (56 IRE 27 1) Lo 358
Correspondence:
6020. Microwave Ferrite Phase Shifter........ .. ... ................... Samuel Sensiper 359
6021. Stability Requirements and Calibration of Radiometers when Measuring Small Noise
PoOWers .. ... J. C. Greene 359
6022. Low Frequency Dispersion of pand ein Ferrites. . ................ Jacques P. Suchet 360

6023. Graphical Method of Determining the Efficiency of Two-Port Networks...........
............................................................. E. Folke Bolinder 361

6024. TV Sweep Generation with Resonant Networks and Lines.......................
................................ T. C. G. Wagner, K. Schlesinger, and W. D. White 362
6025. Simplification of Field Strength Computations for Shielded Enclosures.............
............................................... R. G. Lessner and A. S. Markham 364
6026. A Comparison of Two Radiometer Circuits................ ... ... ...,
............................. D. G. Tucker, M. H. Graham, and S. J. Goldstein, Jr. 365
6027. Miller Integrator...... ... ... ... . . R. G. Goldman 366
6028. Realizability of a Prescribed Frequency Variation of Dielectric Constant..........
............................................................ Ralph J. Harrison 367
6029. On Angular Velocity........ ... ... ... . . . . .. Harry Stockman 367
6030. Information Rate of a Human Channel...... .... J. R. Pierce and J. E. Karlin 368
Contributors . . F 369
1957IRENatxonalConventxonProgram A 1 8
Schedule of Technical Sessions. ........ ... ... . ... . .. . . . . . . 372
Abstracts of Technical Papers... ... ... . .. . . . . . . . . . . . 373
IRE News and Radio Notes:
Calendar of Coming Events.... ... ... . . 407
Available Back Copies of IRE TRANSACTIONS. . ... ...\ttt 408
Technical Committee NoOtes.. ... ... . . s 410
6031-6037. BOOKS. . . ...t 411
6038. Recent Books. .. ... .. 413
Professional Groups. ....... ... 413
Sections and Subsections. . .. ........ ... 414
R 15000 000000000000000000000000000000a600000003030000300003A04060030033003038 416
6039. Abstracts and References. ........... ... .. .. . . . . i 417

ADVERTISING SECTION

Meetings with Exhibits 8A  Professional Group at the Radio Engineer-
Section Meetings...... 12A Meetings. . . 76A ing Show ........... 110A
News—New Products.  29A Industrial Engmeermg Positions Open. ...... 274A
IRE People. ......... 50A Notes.............. 88A Positions Wanted. ... . 292A
Whom and What to See Advertising Index. .. .. 441A

THE covEr—The newly opened New York Coliseum will be the
scene this month of the largest technical exhibition ever held, as
the IRE National Convention getsunder way on March 18. All four
floors of the huge building will be used to house the latest products
and most important developments of some 840 electronics firms.
Technical sescions will be held at both the Coliseum and the
nearby Waldorf-Astoria Hotel. Full details concerning the techni-
cal program start on page 371, and a list of exhibitors and their
products appears in the advertxsmg section of this issue.

Procsedings of ihe 1RK

Copyright: © 1957, by the Institute of Radio Engineers, Inc.




PROCEEDINGS OF TIIE IRIE

Raymond A. Heising

WINNER OF THE 1937 FOUNDERS AWARD

Ravmond A. Heising was born August 10, 1888,
at Albert Lea, Minn. He received a degree in elec-
trical engineering from the University of North
Dakota in 1912 and the master’s degree from the
University of Wisconsin in 1914,

From 1914 until his retirement in 1953, Dr.
Heising was associated with the Western Electric
Company and Bell Telephone Laboratories. He
played a major role in the development of radio-
telephone systems for military use in World War
I, and for transoceanic and ship-to-shore public
service use. He also conducted much research work
on ultra-short waves, electronics and piezoelectric
crystal devices. He invented several modulation
systems which are still in wide use today: the con-
stant potential system, the grid modulation sys-
tem for radio, the rectifier modulation system used
in carrier telephony, and in particular, the con-
stant-current or Heising modulation system. He
has over one hundred United States patents, in-
cluding the patents on the Class C amplifier and
diode-triode detector amplifier circuit, and has
published numerous technical papers in engincer-
ing journals.

Since 1953 Dr. Heising has been engaged as an
independent consulting engineer and patent agent.

He is a Fellow of the American Institute of Elec-
trical Engineers and American Physical Society.
He was awarded the Modern Pioneer Award from
the National Association of Manufacturers in
1940. He received an honorary Doctor of Science
degree from the University of North Dakota in
1947, and the Armstrong Medal from the Radio
Club of America in 1954.

An Associate of the IRE since 1920 and winner
of the Morris Liebmann Memorial Prize in 1921,
he became a Fellow in 1923. He served as IRE
President in 1939, Treasurer from 1943 to 1945,
and as an elected member of the Board of Direc-
tors for seventeen years. He was chairman of nu-
merous IRE committees, among them the com-
mittees on Sections, Professional Groups and Of-
fice Quarters.

Dr. Heising will receive the IRE Founders
Award, an award which is given only on special
occasions to outstanding leaders in the radio in-
dustry, at the banquet of the annual IRE National
Convention this month. The award is being be-
stowed upon him “for his leadership in Institute
affairs, for his contributions to the establishment
of the permanent IRE Headquarters, and for origi-
nating the Professional Group system.”

March
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Julius A. Stratton

WINNER OF THE 1957 MEDAL oF HoNoOR

Born at Seattle, Wash. in 1901, Julius A. Stratton
attended the University of Washington for one
yvear until he came to the Massachusetts Institute
of Technology to obtain his bachelor’s degree in
1923 and master’s degree in 1925. He then did
graduate study in Grenoble and Toulouse, France,
and the Technische Hochschule of Zurich, Swit-
zerland, awarded him the degree of Doctor of
Science in 1927. During the following year he
studied under a traveling scholarship from M.I.T.,
chiefly at Munich and Leipzig, Germany.

Dr. Stratton joined the staff of M.I.'T. in 1928
to serve in the electrical engineering and physics
departments for twenty years. In 1945 he was ap-
pointed Director of the Research Laboratory of
Flectronics. He was named Provost of M.I.T. in
1949, and in 1951 he became vice-president as well.
Last year he was named to the newly-created post
of Chancellor. As Chancellor, Dr. Stratton ad-
ministers the academic program of the institution,
acts as deputy to the president, and serves as
general executive officer.

During World War I1 he served as Expert Con-
sultant in the Office of the Secretary of War, and
was awarded its Medal for Merit in 1946.

He is a Fellow of the American Institute of

Physics and the American Academy of Arts and
Sciences, and a member of the American Philo-
sophical Society, the National Academy of Sci-
ences, Tau Beta Pi, and Sigma Xi. He is an ap-
pointed trustee of the Ford Foundation, and one
of the nine-member National Science Board of the
National Science Foundation.

Dr. Stratton is the author of numerous technical
papers and books on theoretical physics, especially
electromagnetic theory. His many activities in-
clude membership on the Defense Science Board,
the National Science Foundation Advisory Com-
mittee on Government-University Relations, and
the Naval Research Advisory Committee.

He became an IRE Member in 1942, a Senior
Member in 1943, and a Fellow in 1945. He served
on the Board of Directors from 1948-1951, and
again in 1954. He headed the Radio Wave Propa-
gation and Utilization Technicai Committee from
1945 to 1948.

Dr. Stratton will receive the Medal of Honor,
IRE's highest technical award at the convention
banquet this month “for his inspiring leadership
and outstanding contributions to the development
of radio engineering as a teacher, physicist, engi-
neer, author and administrator.”
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On the Statistics of Individual Variations of Productivity in
Research Laboratories (Shockley, p. 279)—A novel statistical
study has been made of the large differences in scientific
creativity that exist between individual research workers. The
author uses as his yardstick the number of publications that
an individual has made, showing first that for the purposes of
this study this is a surprisingly accurate method of measuring
scientific productivity. A study of the publication rates of
individuals in a number of research laboratories reveals that
the variations in productivity are exponential in character.
The author explains this phenomenon on the basis of simpli-
fied models of the mental processes concerned. For example,
the man who can grasp and relate five ideas at the same time
is probably capable of producing a great many more inven-
tions than the man who can grasp only four ideas. Thus a
small change in certain factors of the mental process can result
in a very large change in output. The study closes with an
examination of the relationship between salary and produc-
tivity which leads to some important conclusions regarding
the effect which the present limits on government salaries is
having on the originality and leadership available in govern-
ment laboratories.

Molecular Amplification and Generation of Microwaves
(Wittke, p. 291)—Continuing its series of invited review
papers, the PROCEEDINGS presents this month a discussion of
a radically different method of generating and amplifying
microwaves which has greatly excited the interest of scientists
during the last two or three years. This new method, which is
still in the early stages of development, makes use of the
internal energy of molecules rather than the movement of
charged particles as a source of rf energy, and opens the door
to a whole new class of gaseous and solid-state microwave
devices. The operation of these devices is tied to the fact that
the internal energy systems of molecules exist in several dis-
tinct energy states. Upon exposure to a microwave field of the
right frequency, a molecule in a lower energy state may jump
to a higher energy state, absorbing energy from the field in
the process. More important, a high-level molecule may drop
to a lower energy level and give up some of its internal energy.
Under normal circumstances, all molecular systems have a
predominance of low-level molecules, and thus are absorptive.
Hence the problem of building a molecular amplifier is one of
first creating an “unnatural” condition in which the high-level
molecules predominate and then inducing them to give up
some of their energy. The several methods thus far proposed
for accomplishing this, and the underlying physical principles
involved, are the subject of this thorough and well-written
discussion. The timeliness of this article is attested to by
the fact that just one month ago a leading laboratory an-
nounced the first successful operation of a solid-state micro-
wave oscillator utilizing these new principles. As further
progress is made, we can look forward to new devices which,
among other things, will provide us with extremely low noise
amplification for communications and radio astronomy appli-
cations, super-stable oscillators for frequency standards, and
a promising method of generating frequencies in the millimeter
and submillimeter range.

The Spacistor, A New Class of High-Frequency Semicon-
ductor Devices (Statz and Pucel, p. 317)—A new approach
is suggested for extending the useful frequency range of semi-
conductor devices into the microwave region. The relatively
slow diffusion of minority carriers through the almost field-free
regions of the base is an important frequency-limiting factor

in present devices. In the new class of devices proposed here,
electrons or holes are injected directly into space-charge
regions, and the slow-diffusion areas are thus avoided. The
spacistor is characterized by junctions which are reverse-
biased at voltages high enough for the injected carriers to be
multiplied by the avalanche process. The principles. problems
and suggested solutions presented here lay important ground-
work for the development of higher frequency semiconductor
devices.

Ferrite Apertured Plate for Random Access Memory
(Rajchman, p. 325)—A simple method of fabricating a plate
containing a large array of memory cells has been developed
that promises to greatly increase the storage capacity of even
the largest present-day digital memory systems. The plate,
which is made of nonconducting ferrite material, is molded
with an array of holes in it and is then coated with a conduc-
tive pattern to form a printed winding linking all holes in
series. Large stacks of these plates can be readily wired
together to form an easily assembled large-scale memory.
This is a major improvement over current laborious methods
of assembling memory cells individually, and opens possibili-
ties of memories with capacities of millions of bits.

Stability and Power Gain of Transistor Amplifiers (Stern,
p. 335)—This paper offers the practicing engineer a new and
practical measure of the maximum realizable stable power
gain of a transistor amplifier that operates at frequencies
where it could become unstable. The clarity of the presenta-
tion, as well as the importance of the contribution, will make
this work of general interest to practically all people who
design any but audio frequency types of transistor amplifiers.
The results and point of view are interesting also for the cases
of very-high-frequency triode tube amplifiers, where the same
sort of problems arise and where the analysis presented applies
equally well.

Ferriod Radiator System (Reggia, et al, p. 344)—The dielec-
tric, magnetic and polarization characteristics of ferrites have
been brought together in this paper to perform a variety of
useful functions in a microwave antenna system. The radi-
ating elements consist of dielectric rods made of ferrite, which
are shaped to give maximum radiation along the axis of the
rods and minimum radiated power in the side lobes. Ferrite-
loaded cavities and waveguides are used for a number of
switching and coupling schemes, including devices for beam
lobing and array scanning. The small size of these systems
will make them very useful in reducing the size of microwave
antenna systems, a matter of considerable importance, for
example, in portable radars.

IRE Standards on Piezoelectric Crystals—The Piezoelec-
tric Vibrator: Definitions and Methods of Measurement
(p. 353)—The IRE Committee on Piezoelectric Crystals has
produced a timely and useful Standard that specifies the
nomenclature and a practical method of measuring the various
quantities associated with piezoelectric vibrators,

IRE National Convention Program (p. 371)—A program is
given of the Convention activities and abstracts of the 284
papers which will be presented on the 18th through the 21st
of this month at the New York Coliseum and Waldorf-Astoria
Hotel.

Whom and What to See at the Radio Engineering Show
(p. 110A)—A full list of the 840 Convention exhibitors, booth
numbers and personnel, and products that you will meet and
see on March 18-21 at the New York Coliseum is given, with
floor plans showing booth locations.
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Poles and Zeros

Big Step. On January 4th last, the Board of Directors
by unanimous vote set in motion the IRE Group Af-
filiate Plan. This plan, originally proposed by Editor
Emeritus A. N. Goldsmith, permits members of other
professional societies to participate as individuals in
Professional Group activities and to receive PG TRANs-
ACTIONS without prior admission to IRE membership.
The details of the Affiliate Plan are presented on page
278 of this issue by W. R. G. Baker, Chairman of the
Professional Groups Committee.

This is a big step for the IRE, certainly its most
important action since the founding of the Professional
Group system. The proposal was debated for months
before its approval by the Board because, as Dr.
Baker points out, the Affiliate Plan carries with it the
risk that Affiliate status may be elected by some special-
ists who, in good conscience, should become IRE
members.

The Plan has been worked out to minimize this risk.
For example, no one who has been an IRE member
during the five years prior to his application will be
admitted as an Affiliate. The risk is thus confined to
the future, but it is possible that the growth of IRE
membership may be diminished if Affiliate status is
more attractive than IRE membership to any substan-
tial number of potential members.

We predict that no such trend will develop, that, in
fact, more members will be attracted to full member-
ship in the IRE through initial exposure as Group
Afhliates than will be lost. Such a counter-trend can be
expected to appear if three prerequisites are met. First,
it depends on the continued conviction of IRE members,
particularly those active in PG affairs, that the parent
IRE serves a purpose and provides services which
transcend individual specialties—a conviction that the
IRE is, and must continue to be, more than a mere
holding company for Professional Group assets. Second,
it depends on recognition by technical workers generally
that over-specialization is dangerous, that lack of
interest in other fields marks a sterile intellect, and is
injurious to the man and his profession.

Third, as a matter of hard practicality, it depends
on value received. According to the present rules,
Group Affiliate status in the majority of the Groups
costs $6.50 per year. IRE membership costs $10.00 the
first three years and $15.00 thereafter. What does the
IRE member get for the difference? He gets the privilege

of holding office but this affects few members since
there are less than 500 elective and appointive offices in
the Sections, Groups and national organization. The
privilege of holding office is real, but it is not a com-
pelling influence.

The big difference is the PROCEEDINGS. Members re-
ceive it. Affiliates do not. Affiliates will apply for full
membership, by and large, because they want to read
the PrROCEEDINGS. This is the challenge which the
Affiliate Plan presents to the Editorial Board, its heirs
and assigns. With the help of all concerned, we aim to
meet it.

Back Issues. One of the many incidental useful services
performed by the editorial staff is bringing together
those who have back issues of IRE publications to
dispose of and those who wish to acquire same. If you
have back issues to offer, two courses of action are
open: (1) we will send you a list of dealers in second-
hand technical periodicals who may, if the collection is
complete and goes back a number of years, offer you a
modest sum and pay the freight into the bargain; or
(2) if such negotiations come to naught, the Institute
may take your back issues off your hands if they are
in short supply, but will limit its outlay to the trans-
portation charges to IRE Headquarters in New York.
If you elect the latter option, please communicate your
intentions to IRE before shipping, describing your col-
lection and its condition. HQ will respond promptly
with shipping instructions or will suggest other means
of disposal.

If you are on the acquisition side of the brokerage,
write stating your needs. Back issues from our regular
stock will be sold to you at the established prices. If you
prefer, or if we are out of stock, we will send the list of
second-hand dealers, and you take it from there.

Incidental intelligence: the back-issue demand dis-
plays a pronounced peak 17 years after the date of issue.
From this we deduce that patent searchers, hoping to
find an anticipation of an issued patent (which expires
in 17 years), are among our best customers.

Meetings. Members who wonder whether the two man-
sions the IRE occupies as Headquarters are useful as
well as ornamental will be reassured by the fact that,
during the 260 working days of 1956, no fewer than 391
committee meetings were held at Numbers 1 and 5,
East 79th Street.
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The IRE “Affiliate” Plan—A New Venture in

Engineering Society Structure and Service

W. R. G. BAKER, Chairman
IRE Professional Groups Committee

On January 4, 1957 the IRE Board of Directors
arrived at a decision which may in time prove to
be one of the most far-reaching in its 45-year his-
tory. On that date the Board adopted a plan which
will enable non-1RE members whose main profes-
sional interests lie outside the sphere of IRE ac-
tivities to become affiliated with certain of the IRE
Professional Groups without first having to join
the IRE itself.

This plan is aimed at those specialists in other
fields of science and technology whose work touches
upon our own electronics and communications
field only in specialized areas. In effect, the IRE
is extending the specialized services of its Profes-
sional Groups to every field of science and en-
gineering.

An outstanding example of where these services
are needed may be found in the case of the medical
and biological sciences. At the present time some
1400 IRE members enjoy the privileges of mem-
bership in the Professional Group on Medical
Electronics. And yet there are hundreds, perhaps
thousands, of medical doctors, biologists, and
others to whom the activities of this Group would
be of interest and value. Both they and the Group
would benefit from their participation. To require
these persons, who have no interest in radio en-
gineering, to join the IRE in order to join the
Group is unreasonable, and probably futile as well.
In fact, it was largely to provide an answer to this
particular problem that the Affiliate Plan was
first conceived, although it pertains to other fields
as well, such as Computers, efc.

The Affiliate Plan is admittedly an experiment.
So far as is known, no other society has ever tried
a similar scheme. The Board of Directors feels
strongly that the benefits afforded by the plan
justify the risk that some persons who should
join the IRE will instead become Affiliates. To
minimize this risk, the plan has been carefully
worked out along the following lines:

1) Participation in the plan is at the option of
each Professional Group. It is not expected that
all Groups will adopt it; only those which feel it
serves a need in their particular field.

2) Each Group interested in initiating the
Affiliate Plan must submit to the Chairman of the
Professional Groups Committee a list of accredited
organizations which has been selected and ap-
proved by its Administrative Committee, for
official approval by the IRE Executive Committee.

3) To be an Affiliate of a Professional Group, a
person must belong to an accredited organization
approved by that Group and the IRE Executive
Committee. Moreover, he shall not have been an
IRE member during the five years prior to his
application. He may affiliate with more than one
Group, provided the accredited organization to
which he belongs is recognized by the Groups con-
cerned.

4) The fee for Affiliates shall be the assessment
fee of the Group, plus $4.50. The latter covers IRE
subsidies to the Group, Professional Group over-
head expenses borne by IRE Headquarters, and
50 cents which is to be rebated to IRE Sections
for mailing and meeting costs.

5) An Affiliate will be entitled to receive the
TrANsAcTIONS of his Group and that part of the
IRE National Convention Record pertaining to
his Group. He will be eligible for a Group award,
and may attend local or national meetings of the
Group by payment of charges assessed Group
members.

6) An Affiliate cannot serve in an elective office
in the Group or Group Chapter, nor vote for
candidates for these offices.

7) An Affiliate may hold an appointive office in
the Group or Group Chapter.

8) An Affiliate may not receive any IRE bene-
fits that are derived through IRE membership.

The Affiliate Plan is a bold and farsighted ven-
ture; one that recognizes and provides for the
rapidly spreading influence of electronics in every
walk of scientific and technological life, and one
that enables the IRE to further its aims as a pro-
fessional engineering society—the advancement
of radio engineering and related fields of engineer-
ing and science.

AMarch
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On the Statistics of Individual Variations of

Productivity in Research L.aboratories®
WILLIAM SHOCKLEYT, FELLOW, IRE

In the following pages a co-winner of the 1956 Nobel Prize in Physics presents a novel
study of one of today’s most precious commodities—scientific productivity. The author not
only measures the variations that exist between different research workers, he also explains
these differences and draws some specific conclusions about the relationship of salary to
productivity. PROCEEDINGS readers will find this an especially timely and significant discus-
sion, particularly in view of the present widespread concern about manpower shortages and
proper utilization of scientific personnel.-——The Editor

Summary—1It is well-known that some workers in scientific re-
search laboratories are enormously more creative than others. If the
number of scientific publications is used as a measure of productiv-
ity, it is found that some individuals create new science at a rate at
least fifty times greater than others. Thus differences in rates of sci-
entific production are much bigger than differences in the rates of
performing simpler acts, such as the rate of running the mile, or the
number of words a man can speak per minute.

On the basis of statistical studies of rates of publication, it is
found that it is more appropriate to consider not simply the rate of
publication but its logarithm. The logarithm appears to have a nor-
mal distribution over the population of typical research laboratories.
The existence of a ‘‘log-normal distribution” suggests that the loga-
rithm of the rate of production is a manifestation of some fairly fun-
damental mental attribute. The great variation in rate of production
from one individual to another can be explained on the basis of sim-
plified models of the mental processes concerned. The common fea-
ture in the models is that a large number of factors are involved so
that small changes in each, all in the same direction, may result in a
very large change in output. For example, the number of ideas a sci-
entist can bring into awareness at one time may control his ability to
make an invention and his rate of invention may increase very rap-
idly with this number.

A study of the relationship of salary to productivity shows that
rewards do not keep pace with increasing production. To win a 10
per cent raise a research worker must increase his output between
30 and 50 per cent. This fact may account for the difficulty of obtain-
ing efficient operation in many government laboratories in which top
pay is low compared to industry with the result that very few highly
creative individuals are retained.

I. INTRODUCTION

VERYONE who has been associated with scien-
tific research knows that between one research
worker and another there are very large differ-

ences in the rate of production of new scientific ma-

* Original manuscript received by the IRE, December 3, 1956.
Presented first as the invited lecture, Operations Res. Soc. of Amer.,
Washington, D. C., November 19, 1954; also at the Washington Phil.
Soc., late spring, 1955; and at the 1955 fall meeting of the Natl. Acad.
of Science. It has been reported briefly in Newsweek, December 6,
1954 ; Chem. Week, November 26, 1955; abstracted in Science, Decem-
ber 10, 1955; and in Science Digest; February, 1955.

1 Shockley Semiconductor Lab. of Beckman Instr., Inc., Moun-
tain View, Calif. This material was prepared while the author was
Deputy Director and Res, Director opthe Weapons Systems Evalua-
tion Group, Dept. of Defense, on leave from Bell Telephone Labs.,
Inc.

terial. Scientific productivity is difficult to study quanti-
tatively, however, and relatively little has been estab-
lished about its statistics. In this article, the measure of
scientific production I have used is the number of publi-
cations that an individual has made.

The use of the number of publications as a measure
of production requires some justification. Most scien-
tists know individuals who publish large numbers of
trivial findings as rapidly as possible. Conversely, a few
outstanding contributors publish very little. The
existence of such wide variations tends to raise a doubt
about the appropriateness of quantity of publication as
a measure of true scientific productivity. Actually,
studies quoted below demonstrate a surprisingly close
correlation between quantity of scientific production
and the achievement of eminence as a contributor to
the scientific field.

The relationship between quantity of production
and scientific recognition has been studied recently by
Dennis,! who considered a nuinber of scientists who
have been recognized as outstanding. As a criterion of
eminence for American scientists, he has used election
to the National Academy of Sciences; his study is based
on 71 members of the National Academy of Sciences
who lived to an age of 70 or greater and whose biogra-
phies are contained in the Biographical Memoirs of the
Academy. He finds that all of these people have been
substantial contributors to literature with the range of
publications extending from 768 to 27, the median
value being 145. (Based on a productive life of approxi-
mately 30 years, this corresponds to an average rate of
publication of about 5 per year, a number to which I
shall refer in later parts of this discussion.) Dennis con-
cludes that relatively high numbers of publications are
characteristic of members of the National Academy of
Sciences. He conjectures that of those who have
achieved the lesser eminence of being listed in American
Men of Science, only about 10 per cent will have a

! Wayne Dennis, “Bibliographv of eminent scientists,” Sci.
Monthly, vol. 79, pp. 180-183; September, 1954.
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publication record exceeding the 27; which represents
the minimum publisher of the 71 listed in Biographical
Memoirs of the National Academy of Sciences. He has
also studied eminent European scientists and comes to
essentially the same conclusion. In fact his study goes
further and shows that almost without exception heavy
scientific publishers have also achieved eminence by
being listed in the Encyclopedia Britannica or in his-
tories of important developments of the sciences to
which they contributed.

It should be remarked that in Dennis’ work, he in-
cludes more routine types of contributions (such as
popular articles) than are generally associated with
scientific eminence. However, it may still be appropriate
to quote a few of the statistics obtained by Dennis for
people who certainly classify in the genius class of the
scientific publishers. Among these Dennis refers to:
Pasteur with 172 publications, Faraday with 161,
Poisson with 158, Agassiz with 153, Gay-Lussac with
134, Gauss with 123, Kelvin with 114, Maxwell with 90,
Joule with 89, Davy with 86, Helmholtz with 86, Lyell
with 76, Hamilton with 71, Darwin with 61, and Rie-
mann with 19. Riemann, who was the least productive,
died at the age of 40. At his rate of publication, he would
probably have contributed at least another 10 or 20
publications had he lived to the age of 70. Even with 19,
he was in the top 25 per cent of the 19th century scien-
tists referred to in Dennis’ study.

The chief conclusion reached in this article is that in
any large and reasonably homogeneous laboratory, such
as, for example, the Los Alamos Scientific Laboratory
and the research staff of the Brookhaven National
Laboratory, which are included in this study, there are
great variations in the output of publication between
one individual and another. The most straightforward
way to study these variations is to list the number of
individuals with zero, one, two, etc., numbers of publi-
cations in the period studied. This compilation may
then be plotted as a distribution graph [see Fig. 2(b) for
an example]. In some cases, however, the data are too
meager for a smooth trend to be seen easily and another
form of presenting the data is more convenient.

The form used for most of the data presented in this
paper is the cumulative distribution graph.

Such a graph can be illustrated in terms of the dis-
tribution of the height of a regiment of men. If the men
are lined up in order of increasing height at a uniform
spacing, then, as shown in Fig. 1(a), there will be a
steady increase in height from the shortest man to the
tallest man. There will usually be a few men who are
exceptionally short, a few men who are exceptionally
tall. For the majority of the men the height will vary
relatively uniformly along the line of the men. In gen-
eral, one should thus expect an S-shaped curve with an
inflection point near the middle of the distribution.

Such a curve is closely related to the distribution in
height shown in Fig. 1(b), which represents the number
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of men whose height lies in any particular interval of
height. This can be obtained from Fig. 1(a), as is repre-
sented there, by drawing two lines bracketing a certain
interval in height and counting the number of men
lying in this range. Fig. 1(b) represents a smooth curve
drawn through such a distribution. It can, in fact, be
obtained from Fig. 1(a) by drawing a smooth curve
through the distribution in height and differentiating
the number of men as a function of the height.
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Fig. 1—The cumulative-distribution graph and the normal-distribu-
tion curve. (a) The cumulative-distribution graph represented by
men arranged in order of height at uniform spacing. (b) A
“smoothed” distribution curve, of normal form, such as might be
obtained from (a) by finding the number of men in each small in-
crement of height.

For many natural phenomena aud in particular for
those in which the measured quantity varies due to the
additive effects of a large number of independently
varying factors of comparable importance, a Gaussian
or normal distribution, like that of Fig. 1(b), is obtained.
Conversely, if distribution is normal, then the cumula-
tive distribution graph will have the symmetrical S-
shaped characteristic in Fig. 1(a), the middle flat por-
tion corresponding to large numbers of cases in the cen-
tral range, and the rapid convergence of the extremes
to their asymptotes corresponding to the scarcity of
cases which deviate much from the mean value.

One of the new results of this study, presented below
in Section IV, is that the data on rates of publication
can be well represented by a normal distribution when
treated in a certain fashion. Some possible explanations
for this observation are discussed in Section VI.

4
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I1I. A Stupy oF PUBLICATION RECORDS

As a first example, I shall discuss the statistics of the
publications of a group of people in the Los Alamos
Scientific Laboratory. This sample of approximately 160
people was selected on the basis that the individuals
were professionally mature and located in laboratories
whose activities are of such a nature that there is some
probability that workers in them might contribute to a
physical or electrical engineering publication. Such pub-
lications are abstracted in Science Abstracts A and B,
respectively. The publication record for each individual
was ascertained by looking through the author index of
Science Abstracts for the years 1950 to 1953, inclusive.

From these data, a cumulative-distribution graph
constructed like that shown in Fig. 1(a) is obtained by
listing the men in order of their publications. It is found
that approximately half of the individuals have no pub-
lications at all. Then there are about 30 individuals with
one publication, 20 individuals with two publications
and so on. The cumulative-distribution curve shown in
Fig. 2(a) has little resemblance to the simple S-shaped
curve shown in Fig. 1(a). For one thing it is concave up-
wards throughout. For another it shows too many in-
dividuals with publication rates higher than seven in
four years compared to the shape of the curve up to that
rate. The distribution curve, shown in Fig. 2(b), is
not normal, but instead is essentially hyperbolic in form.

Replotting this same data in Fig. 3 on a logarithmic
scale for the number of publications results in a line
which does look much more like a portion of the cumu-
lative-distribution graph for a normal distribution. The
line is not a smooth curve, of course, but rises in steps.
However, a smooth curve drawn through the steps has
an approximately linear portion, corresponding to the
linear portion of Fig. 1(a), followed by an abrupt turn
up at the high end corresponding to the relatively small
number of people who on the logarithmic scale have ex-
ceptionally large rates of publication.

It is one of the chief conclusions of this study that
the more or less normal distribution of the logarithm of
rate of publication is characteristic of the statistics of
the scientific creative process. Perhaps the most im-
portant feature of this conclusion is that the rate of
publication increases approximately exponentially from
individual to individual, taken in order of increasing
rate, and that the differences in rate between low and
high producers are very large. The conclusion that the
exponential character of the distribution is fundamental
to the creative process gains support from the fact that
certain other hypotheses intended to explain it as some
sort of artifact can be examined and rejected.

In subsequent sections we shall refer to the normal
distribution of the logarithm as log-normal distribution.

II1. SoME Basic DATA oN RATES oF PUBLICATION

One of the first hypotheses called the “organization
hypotheses” put forward to explain how the log-normal

Shockley: On the Statistics of Productivity in Research

281

PUBLICATIONS

t 8 1 L L L 1
80 80 00 110 120 130 M40 IS0 80 ITO

0 20 30 40 S50 & 70

(@)

55
50 I . —

as . 1 4 T _

MEN
8

PUBLICATIONS

(b)

Fig. 2—Distribution of rate of publication (number of entries in
Science Abstracts A and B in four years) at Los Alamos. (a) Cumu-
lative distribution. (b) Distribution (number of men with each
rate of publication).
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Fig. 3—Cumulative distribution on logarithmic scale for number of
publications at Los Alamos.
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distribution arises was that it is a consequence of the
organization of research activities in large, modern
laboratories. In such laboratories, physical scientists
frequently make use of very complicated apparatus and
large nuclear machines. As a result of this collaborative
effort they frequently publish papers jointly, the num-
ber of authors varying from two to five or six in ordi-
nary cases. The “organization hypothesis” endeavors to
use joint authorship to explain the exponential char-
acter as follows: As a consequence of the size of the
teams who work together, an individual who has some
supervisory or organizational responsibility may con-
tribute to the activities of many men and be listed as
a co-author on many papers. As aresult, arelatively few
people will appear as co-authors of a very large number
of papers and this group can be better included in a
log-normal distribution than in a normal distribution.

This “organizational hypothesis” can be disposed of
by several arguments, some of which are quite instruc-
tive. One of these arguments is based on the observation
that the exponential aspects of the cumulative-distribu-
tion graph is independent of the particular organiza-
tional features of the laboratory considered and is a
general characteristic of all laboratories studied in this
article. For example, the organizational situation in
some of the laboratories of the National Bureau of
Standards would not lead to large numbers of publica-
tions by supervisors. For one Division of the National
Bureau of Standards, records were available of the
total number of publications and patents made by the
individuals in this Division during a period of several
years. These data are shown in Fig. 4. It is seen from
this figure that the data lie on a relatively smooth ex-
ponentially increasing trend followed by a rapid turn-up
corresponding again to a few individuals with excep-
tionally high publication records. Since the organization
of activities is quite different in the Bureau of Standards
from what it is at Los Alamos while the distribution
curve is the same, the “organizational hypothesis” can
be discarded.

The “organizational hypothesis” can also be rejected
by studying the effect of joint authorship on the dis-
tribution of rate of publication. We shall illustrate this
argument using data from the Brookhaven National
I.aboratory. There are approximately 180 members
of the research staff of the Brookhaven National Iab-
oratory. The “total” number of entries plotted as a
cumulative distribution for these people is shown as the
line marked “total” in Fig. 5. Since Brookhaven operates
in a fashion rather similar to Los Alamos, it might be
expected that the “organizational hypothesis” would
apply equally well here. In order to test this, two other
lines have been constructed on Fig. 5.

The bottom line, marked “solo,” has been obtained
by discarding all publications having more than one
author. It is seen that a relatively small fraction of the
people have made “solo” publications. However, it
should be noted that the most prolific publishers of these
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and patents for Atomic and Radiation Physics Div., National
Bureau of Standards, for a period of 5.7 years.
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Fig. 5—Cumulative distributions on logarithmic scale for 3 cases at
Brookhaven National Lab.

have published at nearly half the inaximum rate for the
“total” line. On the other hand, a large number of
people who appear as co-authors in the “total” distribu-
tion have no “solo” publications whatever. This fact
shows that the rapidly rising part of the line is due
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largely to people who are capable of producing “solo”
publications, a conclusion contrary to the expectation
based on the “organizational hypothesis.” In fact, the
evidence is that publication of about half of the people
is supported by the more productive ones who would be
capable of publishing at relatively high rates strictly on
their own.

The middle line marked “weighted” is obtained by
dividing the credit for multiple-author publications
equally among the various authors. For example, each
man on a four-author publication receives a contribu-
tion of 0.25 publication. The “weighted” line again
shows the steadily increasing trend and does not permit
an undue credit to be given to people who, through or-
ganizational position, may appear as a joint author on
a large number of publications. This furnishes further
support for the thesis that the exponential trend of the
cumulative distribution is a fundamental characteristic
of the distribution of productivity among the members
of the laboratory rather than some organizational arti-
fact.

Another possible explanation which can also be dis-
carded is that the distribution of degree of publication
from one person to another is a consequence of the dis-
tribution in age of the population considered. In princi-
ple, some such distribution might be obtained as a result
of distribution in age since people on the average have a
maximum in their publication rate at an age of about
35. The distribution of publication in age has been
studied by Lehman.? Some of Lehman’s results for rate
of publication as a function of age are shown in Fig. 6.
Very similar results are obtained for other geographical
samples. Actually, what Lehman has studied is not
simply publication record but “creative production.”
He judges creative production by references found in
histories of science and other similar sources. Since the
distribution of workers in the laboratories considered
in this study shows a fairly uniform distribution from
age 25 to age 50, it is difficult to see how the variation in
productivity with age as shown in Fig. 6 could result in
a very small fraction of people with exceptionally high
publication rates: from Fig. 6, we would estimate that
the maximum publication rate would be perhaps twice
the publication rate of the median man. In contrast to
this, the studies shown for Figs. 2, 3, and 4 correspond
to maximum publication rates substantially more than
ten times that of the median man.

IV. THeE LoG-NoRMAL DISTRIBUTION OF
THE RATE OF PUBLICATION

The conclusion is thus reached that the exponential
variation of productivity in the cumulative distribution
graph is a characteristic feature of the statistics of pro-
ductivity in a research laboratory. This conclusion re-
ceives further support from an additional analysis of the

2 H. G. Lehman, “Men’s creative production rate at different ages
and in different countries,” Sci. Monthly, vol. 78, pp. 321-326; May,
1954,
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Fig. 6—Creative production rate in science and mathematics vs age
for (solid line) nationals of 14 different countries other than Rus-
sia, England, France, Italy, Germany, and the U.S.A. and for
(broken line) U.S.A.
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Fig. 7—Cumulative distribution of logarithm of “weighted” rate of
publication at Brookhaven National Lab. plotted on probability
paper.

data which show that the logarithm of the rate of pub-
lication can be well represented as a normal distribution
in the cases studied.

The validity of the assumption of a normal distribu-
tion can be tested by making use of so-called “prob-
ability paper.” On such paper, the cumulative number
of men is expressed on a percentage scale. This per-
centage scale is so distorted as to increase the spread on
the scale at percentages near the extreme distribution.
This results in stretching out the ends of the cumulative-
distribution graph of Fig. 1(a) so that it becomes a
straight line, provided the distribution itself is normal.

Such a test has been applied to the weighted rate of
publication for the Brookhaven Laboratory shown in
Fig. 5. The result is shown in Fig. 7. It is seen that a
straight line can be drawn in a very satisfactory way
through the data with the exception of the two extreme
men. It should be noted that in many cases so many
men were assigned the same publication number that
they have been represented as solid blocks on the dia-
gram rather than as individual points. This grouping
together is a genuine effect in the case of people who
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published one “solo” publication during the period stud-
ied and thus have a logarithm of zero and those who
have appeared on two publications or as a co-author
of a single two-author publication and appear at
logarithms of 0.3 and —0.3. Some of the other groupings
have resulted artificially from the means of handling the
statistics: for simplicity in listing the people, the scale
of possible publications was divided into intervals and
those whose publication rates fell in these intervals were
grouped together. If this had not been done, the data
would fall more closely along a straight line, i.e., the
“fit” to the normal distribution would be better.

Fig. 7 illustrates strikingly the range of variation in
rate of publication—a factor of 40-fold between lowest
10 per cent and highest 5 per cent.

The fit shown on Fig. 7 is based on the assumption
that the research staff of Brookhaven may be divided
into two parts, one part containing 95 members who
have some likelihood of publishing physics papers ref-
erenced in Science Abstracts A and 85 others with
negligible likelihood of making such publications. The
number 95 was found by trial and error to give the best
straight line in Fig. 7. This arbitrary procedure does
have justification in terms of the distribution of activi-
ties in the Brookhaven Research Staff. In fact if the list
of members of the Research Staff at Brookhaven is
examined name by name, it is found that many are
biologists, medical physicists, and the like whose fields
are not covered by Science Abstracts. The final con-
clusion is that all but 101 names are considered ex-
tremely unlikely to make publications abstracted in
Science Abstracts A. Since the difference between 101
and 95 is negligible in respect to other uncertainties in
the study, we may conclude that for the publishing part
of the population the rate of publication is well repre-
sented by a normal distribution on the logarithmic
scale, or for brevity, a log-normal distribution.

Generally similar fits are obtained for the Los Alamos
data and for the National Bureau of Standards data.
Furthermore, the data on “total” and “solo” entries in
Science Abstracts A can be fairly well fitted by log-
normal distributions. The fit is very “jumpy,” however,
since the only possible values for publication rates are
integers. On the basis of the rather limited investigation
that I have carried out to date in regard to the distribu-
tions for “solo” and “total” rates of publication, it ap-
pears that these also have log-normal distributions ex-
cept that the rates of publication differ from the
“weighted” rates by factors of 0.6 and 1.6, respectively.

It would be interesting to compare the statistics of
science departments in universities with those of the
large laboratories studied above. This has not yet been
done except for the limited data on the Physics Depart-
ment of Columbia University shown in Fig. 8. In spite
of the smallness of the sample, the general trend of the
data is such as to give confidence that the log-normal
distribution will also hold in such cases.
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V. A StupY OF PATENT ACTIVITY

Another measure of creative technical production,
which is relatively readily available for study, is patent
activity. Shown in Figs. 9 and 10 (opposite) are cumula-
tive-distribution curves for patents for two large lab-
oratories in the fields of electrical apparatus and cam-
munications. All of the data correspond essentially to
“solo” publications since the number of joint patents is
very small compared to individual patents.

It is instructive to compare patents with publications.
Such a comparison is presented in Fig. 11 for a selected
group of 60 men from one of the laboratories considered
in Figs. 9 and 10. The most significant factor to note
is that on the logarithmic scale, the patent distribution
is markedly steeper.

VI. SPECULATIONS ON THE ORIGIN OF THE
LoG-NORMAL DISTRIBUTION

The very large spreads in productivity, for example
the variation by nearly one hundred fold between ex-
treme individuals in Fig. 7, are provocative of specula-
tion. Most rates of human activity vary over much
narrower limits, for example, pulse rates outside the two
to one range from 50 to 100 per minute are extremely
rare. Very few individuals walk at speeds outside the
range of 2 to 5 miles per hour. In competitive activities
involving trained and selected people, such as running
the mile, the variation is much smaller, the ratio of
speed for the mile between world’s record and good high
school performance being probably less than 1.5.

In the study presented here the individuals are pre-
sumably specially selected by natural ability and spe-
cially trained to accomplish scientific production. Yet
the spread in rates is enormously greater than it is for
the more physical activities discussed above. I believe
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Fig. 10--Cumulative distribution on logarithmic scale for patents at
another large industrial laboratory.

that it is possible to explain to some degree how such
large variations in rate may occur in terms of certain
characteristics of the creative scientific process. The
basis of the explanation is that the large changes in rate
of production may be explained in terms of much
smaller changes in certain attributes. I shall illustrate
this in terms of a simplified example of the inventing
process.

In order to make an invention for which the United
States Patent Office will issue a patent, it is, in general,
necessary to conceive a new combination of features and
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to appreciate how this combination may be useful. Let
us suppose that the inventor perceives that he has made
an invention when he appreciates the relationship be-
tween some number of ideas. For example, the auto-
mobile self-starter might have been conceived by recog-
nizing the relationship of the following 4 ideas: the idea
that a means of starting the engine without using hu-
man, muscular strength would be useful, the idea that
the necessary energy could be held in reserve in a stor-
age battery, the idea that a relatively small high speed
electric motor could be used to turn the larger gasoline
engine at starting speed, and the idea that the electric
motor could be subsequently disengaged in order to
avoid rotating it at excessive speeds.

Now let us suppose that there is some attribute of the
human brain which allows an individual to be aware of
“m” ideas and their relationships.? Then it follows that
a man with m=3 will never invent the self-starter in
the form discussed above whereas a man with m =4 can
do so. A man with a higher value of m is much more
likely to make the invention than a man with m=4. In
fact, it may be established, bv use of the formulas for
permutations and combinations, that men with m =35,
6, and 7 can hold the 4 essential ideas in awareness
(together with 1, 2, or 3 irrelevant ideas) in 5, 15, and
30 times as many ways as the man with m=4. This
shows that a variation of 50 per cent in “brain capacity”
(m=4 to m=6) can produce an increase in invention
rate of 15-fold for inventions requiring the interaction
of 4 ideas.

It may be instructive to illustrate the considerations
presented above by an example which can be shown in
detail. Suppose out of realm of idea associated with
some field of endeavor an invention can be made by

3 N. Rashevsky, “Mathematical Biophysics,” University of Chi-
cago Press, Chicago, Ill., ch. 29; 1938, presents very similar reason-
ing. His results are expressed in the form of equations rather than by

numerical examples and lead to somewhat more general conclusions
than those presented here.
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holding ideas “1” and “2” in mind and seeing the rela-
tionship between them. Then a man with m=2 can
make the invention in two wayvs as represented below:

(1, 2) and (2, 1).

But a man with #2=3 can think of these two ideas and
some irrelevant idea x in six ways:

(17 27 x)] (27 17 '\:)7 (17 "‘7 2)7 (27 xl 1)7 ("" 17 2)’ (xi 27 1)'

Thus for every case in which the m =2 man can think
of the idea, there are 3 ways in which the m =3 man
can do it. Thus the m=3 man has 3 times as many
chances to make the invention.

Evidently this advantage increases rapidly with the
increasing complexity of the problem. For a 10-idea in-
vention an 11-idea man has an 11-fold advantage over a
10-idea man; that is a 10 per cent increase in “mental
capacity” produces a 1100 per cent increase in output.
It is my impression that this sensitivity to the inter-
action of many factors in mental creativity is the key
to the large variations in output found in this study.
According to this explanation, the log-normal distribu-
tion in productivity then results from a normal distribu-
tion, over a relatively small range (say m=8 to m=12
i the model considered), of some attribute which con-
trols productivity in a very sensitive way.

Still another way of rationalizing the log-normal dis-
tribution may be based upon the hypothesis that the
interacting mental factors are of several different kinds
rather than several of one kind, as in the case of several
ideas as discussed above. For example, consider the fac-
tors that may be involved in publishing a scientific
paper. A partial listing, not in order of importance,
might be: 1) ability to think of a good problem, 2) abil-
ity to work on it, 3) ability to recognize a worthwhile
result, 4) ability to make a decision as to when to stop
and write up the results, 5) ability to write adequately,
6) ability to profit constructively from criticism, 7) de-
termination to submit the paper to a journal, 8) per-
sistence in making changes (if necessary as a result of
journal action). To some approximation, the prob-
ability that a worker will produce a paper in a given
period of time will be the product of a set of factors
I, F,, etc. related to the personal attributes discussed
above. The productivity of the individual would then
be given by a formula such as

P = F\Foff3F F sFl' ol s. (1)

Now if one man exceeds another by 50 per cent in each
one of the eight factors, his productivity will be larger
by a factor of 25. On the basis of this reasoning we see
that relatively small variation of specific attributes can
again produce the large variation in productivity.
The factor explanation discussed above also has an
appeal from the point of view of the log-normal dis-
tribution. According to the formula, the logarithm of
the product is the sum of the logarithms of the several
factors. If we suppose that these factors vary inde-

PROCEEDINGS OF THE IRE

March

pendently, then to a good approximation their sum will
have a normal distribution, and so, consequently, will
the logarithm of the productivity. It seems to me that
this is at present the most attractive explanation for the
log-normal distribution.

In closing this section mention should be made of an
attempt to fit the data by assigning to cach individual
a single parameter describing his creative potential. This
parameter was referred to as “mental temperature”
when the original lecture was given. It was introduced
i analogy with the quantity 8 or 1/kT which occurs in
the equation for rates of chemical reaction or thermionic
emission. According to this hypothesis an individual
i is characterized by a value 8;. In a situation s his rate
of production is determined by a rate constant P, and a
barrier U,, so that his rate of production is

PG, s) = P, exp (— UB:). (2)

The rate constant P, probably depends on 8; but in a
relatively insensitive way, so that to a first approxima-
tion this dependence can be neglected.

On the basis of this equation, the difference between
the two curves of Fig. 11 is to be attributed to a U value
1.7 higher for patents than for publications.

There appears to be a tantalizing possibility of estab-
lishing scales for U and # by comparing publications
and patents and one laboratory with another. One
might, for example, assume that the distribution of 8
values is the same in two laboratories having the same
pay scales and similar working conditions. Then if U
is chosen as unity for one activity in one of these, the
scale of U can be chosen for the other cases in terms of
the ratio of slopes like those of Fig. 11. Approximate
values of P, can be chosen by assuming that 8=0 repre-
sents a situation in which the worker never lacks an
idea to publish or an invention to patent so that his rate
of production is limited by the mechanics of the situa-
tion. Such cases might correspond approximately to the
most outstanding publishers in Dennis’ study. On this
basis P, values of the order of 10 per year for either
publications or patents might be chosen. I have made
some attempts to establish scales of this sort but they
are not well enough developed to warrant inclusion here.

VII. THE RELATIONSHIP BETWEEN
SALARY AND PRODUCTIVITY

From the point of view of the economics of running a
research laboratory, it is important to know the rela-
tionship between salary and productivity. For example,
if the better paid men are more productive than their
fellows in greater proportion than the increase in pay,
then they are a sound investment. On the other hand,
if they are less productive per salary dollar, then it may
be wiser to hire relatively fewer of these outstanding
people.

The question just posed is to some degree academic—
anyone who has had to do with managing research
knows that progress depends largely on a relatively
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small number of exceptionally able individuals. He also
knows that these people are usually substantially better
paid than their fellows. How much better one can afford
to pay outstanding people and still find them profitable
is a quantitative question faced by many organizations
during periods of rapid build up. The findings in this
section throw some light on this question, the conclusion
being that, in general, scientific productivity is so much
greater for the outstanding people that in the current
scientific labor market, it is unlikely that they will be
overpaid.

It is clear, of course, that increasing salary of an indi-
vidual will usually not increase his productivity much,
if at all. In some cases it may even have the opposite
effect by reducing incentive. What is studied here is the
statistical relationship between salary and productivity
as established by existing pay roll procedures. If any
causal relationship is important in this connection, it is
that high productivity of an individual causes the man-
agement to give him high rewards.

Before considering the method of investigating the
statistical relationship between salary and productivity,
it may be worth-while to say something about salary in
general. In determining the salary of an individual in a
research laboratory, the management takes into ac-
count many factors. Only one of these factors is con-
sidered in the previous parts of this study, namely, the
rate of scientific production as measured by total num-
bers of publications or patents. This factor is probably
rarely considered in a quantitative way. Instead, the
usual procedure is for a group of people charged with
supervising research workers to gather together and
discuss the relative merit of the individuals. In such
considerations, quantitative measures of the indi-
vidual’s contributions are seldom referred to. There
probably does not exist at the present time any valid
analysis of the various factors that are considered and
their relative importance. Among them may be men-
tioned, however, the originality and importance of pub-
lications which are made. Thus quality as well as quan-
tity is brought into account. Other factors which are
certainly considered are the ability of an individual to
carry out the techniques of his work, whether these be
of a theoretical nature involving pencil and paper or the
manipulation of apparatus; the ability to contribute to
the solutions of problems of other workers in the or-
ganization; the ability to produce cooperation among
other workers: the ability to attract productive candi-
dates to the organization; the ability to influence the
activities of other workers along lines which are more
wisely chosen than they would choose themselves with
respect to the goals of the organization as a whole; the
ability to carry out activities which enhance the prestige
of the organization. These and many other factors are
generally considered in determining a man’s “ merit” and
thus deciding what salary he should receive.

The assumption of this article is that merit and salary
are somehow determined by the combination of such
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factors as those which we have discussed above. These
factors are not closely correlated with each other, al-
though it is probable that there is a tendency for out-
standing ability in any one to be coupled with a prob-
ability of higher abilities in the others as well. The only
attribute which has been studied here is simple quan-
titative productivity in the sense of publications and
patents. If it is found that this attribute, which was
studied purely for purposes of convenience, is strongly
correlated with increasing salary, then it seems likely
that the other attributes are also strongly correlated
with salary.

It is not appropriate to consider simply the relation-
ship of salary to productivity. The reason for this is that
there is a general tendency of salary to increase with
age, this being a recognition of increasing general judg-
ment and experience with age as well as a socially ac-
ceptable procedure. Thus, in order to get a truly repre-
sentative comparison of merit with productivity, it is
necessary to correct for age. This procedure can be done
in various ways; the one selected for this article being
that associated with the concept of “merit quartiles.”

The division of the population of a laboratory into
“merit quartiles” may be illustrated with the aid of
Fig. 12. This figure represents the salaries of a group of
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Fig. 12—Salary vs age (for a representative sample only of individ-
uals) in a laboratory considered in this study with lines dividing
the distribution into “merit quartiles®). Effective about October,
1954.)

individuals in a laboratory covered in this study. Each
individual is represented by a point on the figure which
shows his salary and his age. Three lines have been
drawn on the figure dividing it into four groups of indi-
viduals, called quartiles. The procedure for drawing
these lines is as follows: in each relatively small age
interval the population of the laboratory is divided
into halves such that half of the group gets more than
the median salary and half less. Then the upper and
lower halves are similarly divided into 2 equal parts so
that each age interval is divided into 4 quartiles. This
procedure is carried out for the various age intervals
and then a smooth curve is drawn. These smooth
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curves are drawn in such a way that at each age interval,
approximately § of the population of the laboratory lies
in quartile I and approximately 1 in each of II, III, and
I'V. Thus the people in the first or top quartile have ap-
proximately the same age distribution as those in the
second, etc. Furthermore, all of the people in the top
quartile obtain higher salaries than those in the second
quartile at the same age.

These merit quartiles furnish a basis for dividing the
laboratory into parts in accordance with salary but
chosen in such a way that the age distribution in each
part is similar. Thus any effect of varying productivity
with age affects all the quartiles about the same way.

Fig. 13 shows a similar plot for the individuals in a
U. S. government laboratory operated under Civil Serv-
ice. It is to be noted that the highest salaries at any age
range are substantially lower than those in the other
non-Civil Service laboratory. The difference would be
even more striking if the higher paid executive types of
an industrial laboratory could also be shown.
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Fig. 13—Salary vs age for Atomic and Radiation Physics Div.,
National Bureau of Standards, together with “merit quartiles”
divisions. (Effective about October, 1954.)

The use of merit quartiles, deciles, or similar divisions
is playing a progressively more important role in salary
administration.* One of the great advantages of the
merit scale is that it provides an intuitively satisfactory
way of ranking the individuals in an organization. The
same would not be true if the men were ranked simply
according to salary; thus a very able young man at a

* Employee interest is also high. For example, merit curves have
been deduced from polls of employees of Bell Tel. Labs. by the Conf.
of Prof. Tech. Personnel Inc., P.O. Box 625, Summit, N. J.
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relatively low salary would be obviously out of place in
company with an older group of average ability (but
with more experience) at the same salary and it would
be difficult to get any sense of order from such listing.
On the other hand, a group of supervisors can come to
agreement and reach decisions surprisingly easily about
merit rank between people whose ages and salaries may
differ by large amounts. I do not believe that it is evi-
dent in any a priori sense that such agreement would be
expected; it appears rather an interesting and useful ex-
perimental result. In a sense, it is a surprising result
since, as discussed above in this section, such diverse
factors are considered in making the judgment. The
agreement as to merit ranking by a supervisory group
does not, of course, imply that the worth of the indi-
vidual is truly assessed in any absolute sense. However,
the large degree of consistency does imply that a useful
and impartial tool for salary administration exists.

In principle, an organization can establish a family of
merit curves at each raise period (allowing for cost of
living adjustments, changing competition, etc.). The
new salary for a man whose merit rank is correctly ap-
praised can then be simply read off his location on the
new curves. It somestimes happens, due perhaps to ac-
cidents of recruiting or due to changing skills on the part
of the worker, that a revision of merit rating occurs. It is
generally felt that only a fraction, say 50 per cent, of
the correction should be made in any one raise since
this will tend to smooth out fluctuations in the salary
system.

A set of quartiles like those shown in the two previous
figures have been prepared for the research staff of the
Brookhaven National Laboratory. For each one of these
quartiles, which contain about 46 men each, the publi-
cation records have been compiled as cumulative-dis-
tributions. These are not presented as graphs with steps
since there are so many cases of overlap that the lines
for different quartiles are very hard to separate. Conse-
quently, smoothed distribution curves have been drawn
through the steps in the manner illustrated in Fig. 1(a).
The resulting curves are shown as Fig. 14.

From Fig. 14 it is readily seen that approximately the
same numbers of people in quartiles I and II published,
but that the amount of publication of the high publish-
ing members of quartile I was larger by almost a factor
of 2 than for the corresponding people of quartile II.
Quartile I1I contains some individuals having high rates
of publication and a smaller fraction of people publish-
ing. The total amount of publication in quartile IV was
substantially less than quartile II1.

Similar diagrams have been made for other labora-
tories but there is no great uniformity in their charac-
teristics. However, there is a very general trend which
holds for all cases considered. This trend is for the
average rate of publication per individual to increase
steadily from quartile to quartile, being highest for the
first or best paid quartile.

From the type of spread which is observed in Fig. 14,
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Fig. 14—Cumulative distributions (shown as smooth lines) for the
four “merit quartiles” of the research stafl of Brookhaven Na-
tional Lab.

it is evident that publication per se is not given heavy
weight in determining merit in terms of salary at
Brookhaven. It is evident that something like 10 or 15
per cent of the individuals in quartiles III and IV exceed
the publication records of about 50 per cent of the people
in quartiles I and II. However, this is not sufficient to
give them in terms of salary a recognition equal to those
of quartiles I and II. Thus it follows that other factors
certainly are being considered in determining salary.

From the general shape of the curves shown in Fig. 14,
a very crude sort of an estimate can be made of the
number of additional factors which must be taken into
account in determining salary provided these factors
are assumed to have importance approximately equal
to amount of publication. For example, if we compare
quartiles I and II we see that only 10 per cent, approxi-
mately, in quartile I exceed the maximum production
of people in quartile II. This suggests that there might
be something of the order of 10 other factors involved
in weighting the people of quartile I, each one of these
10 other factors contributing to a group of about 10 per
cent who exceed the performance of individuals in
quartile II. Evidently this type of reasoning does not
apply in the same way to quartiles I and III, but the
fact that something between 1% and } of quartiles III
and IV exceed most of the people in quartile I in terms
of amount of publication suggests an analysis might
lead to the conclusion that in determining subjectively
the merit rating of an individual, salary reviewers act
as if there were something like 4 to 10 factors of com-
parable importance to amount of publication.

I shall now return to the question taken up in the
beginning of this section, namely, the quantitative re-
lationship between salary and productivity. For the
various laboratories considered in the study, sets of
quartiles have been drawn and the average amount of
production determined for each quartile. This informa-
tion is gathered together in Fig. 15. The data have been
expressed in terms of rate of activity in publication or
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patents per man-year. For the publications the total
number of publications was used (not “solo” or
“weighted”). It is observed that in all cases there is a
monotonic increase in rate of activity with quartiles,
increasing towards the highest paid quartile, quartile I.
The actual spread in amount varies by a factor of about
9 for the most rapidly varying case and by a factor of a
little over 3 for the most slowly varying case.

2
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_ PATENTS PER
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UATERR 3,
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Fig. 15—Relationship between productivity and quartile number and
salary and quartile number for several laboratories.

A comparison with salary is also indicated in the
figure. The ratio of salary at the dividing line between
quartiles III and IV to that between quartiles I and II
at age 35 is also shown on the figure. Five cases have
been considered and there are somewhat different
spreads in salary for these. The line represents a sort of
weighted average of the change in salary.

It is clear from inspection of the figure that in progres-
sion from quartile to quartile there is much less increase
in salary than in productivity, in fact productivity lines
rise 3 to 5 times as steeply as the salary lines. In other
words, statistically an increase of 30 to 50 per cent in
productivity is necessary for an individual to obtain an
increase in salary of 10 per cent. However, as the
reasoning given in connection with Fig. 14 shows, in-
crease in scientific productivity alone is not sufficient to
produce the increase in merit rating. In fact, coupled
with the 30 to 50 per cent increase in productivity, there
probably must be comparable increases in other kinds
of contribution. In other words, the individual probably
must become 30 to 50 per cent better in all respects in
order to receive a recognition corresponding to a 10 per
cent increase in salary.

VIII. RELEVANCE To CIvIL SERVICE
SALARY SCALES

I should like next to discuss the relevance of these
findings to the problem of Civil Service scientists in
government laboratories. In addition to relatively low
salaries positions in government laboratories are less
attractive than those in industry or in universities. This
is especially true in laboratories in the military estab-
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lishments where periodically changing direction by
officers who are not experienced in directing research
frequently leads to morale problems. These problems
have been thoroughly explored and reported in detail
in the recent report’ of the Riehlman committee of
Congress. Clearly it is important to retain in these
laboratories some highly-qualified, strong-minded, in-
spired leadership in order to prevent research effort
from becoming thoroughly second grade.

This brings us to the most important conclusion in
the study, and one which might possibly furnish a basis
for action. The top salaries in government laboratories
are substantially lower than both those in industry and
in universities, at least for people in the latter whose
line of work involves undertaking summer assignments
and doing consulting. Even if there were no disad-
vantages aside from salary, the limits of salary set by
Civil Service scales probably have a most severe effect
on the leadership and originality available in govern-
ment laboratories. Although these attributes have not
been studied quantitatively, all of the findings in this
article are consistent with the idea that leadership and
originality increase very rapidly with salary just as do
rate of publication and rate of invention. Cutting off
the top of the salary scale at, say, $12,000 per year as
compared to $18,000, will mean a reduction of produc-
tivity of 3 to 8 fold, according to the statistics deduced
in connection with Fig. 15. Statistically, for the higher

% Organization and Administration of the Military Res. and Dev.
Programs, Twenty-fourth Intermediate Rep. of the Committee on
Government Operations; August 4, 1954,
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salaried man the return per dollar of salary is two to
five times as great so far as individual productivity is
concerned. If leadership qualities vary in a way similar
to productivity, the return from increased salary will be
enormously greater since an effective leader may sub-
stantially improve the output of many men.

In closing, I should emphasize that there are out-
standing exceptions to most statistical results. Govern-
ment laboratories do succeed in retaining a few out-
standing individuals. These are unfortunately excep-
tions rather than the rule. Because of the present top
limits on Civil Service salaries for scientists, the tax-
payer’s dollar is buying less research value than it
should. A policy of having more highly paid positions
might well double the return per dollar. It might also
contribute significantly to offsetting the lead which the
U.S.S.R. has currently gained in numbers of technical
degrees granted in universities per year.
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CORRECTION

J. R. Wait and H. H. Howe, authors of “The Wave-
guide Mode Theory of VLF lonospheric Propagation,”
which appeared on page 95 of the January, 1957, issue
of PROCEEDINGS OF THE IRE, have brought the follow-
ing corrections to the attention of the editors.

In (2), (B/N\)Y2 should be replaced by (k/\) and S,%?
should be replaced by €,5,3% where e,=1, e, =2(n#0).

In (3), (\/n) should be replaced by (\/k).

In Fig. 1, the abscissa labeled % should be L.
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Molecular Amplification and Generation
of Microwaves”

JAMES P,

WITTKE?

The following paper is one of a planned series of invited papers, in which men of

recognized standing will review recent developments in, and the present status of,
various fields in which noteworthy progress has been made.—The Editor

Summary—This paper is a general introduction to the field of
amplification and generation of microwaves using molecular rather
than electronic processes. The basic physical properties of molecular
systems as related to amplification are reviewed. The properties of
molecular amplifiers, such as gain, bandwidth, saturation power,
and noise figure are discussed, and several specific types of ampli-
fiers are described. These include the molecular-beam Maser, the
‘“‘hot-grid cell,” amplifiers excited by rf pulses and by ‘‘adiabatic
fast passage,’” and amplifiers based on multilevel molecular internal
energy systems, including ‘‘optically pumped” amplifiers.

Molecular amplifiers may add very little noise to the signal to
be amplified: noise figures under one db can be obtained. With
suitable feedback, such amplifiers become oscillators of extremely
high spectral purity. High gains can be achieved using regeneration,
but bandwidths are relatively small. These range from the order of
tens of kilocycles for amplifiers using a gaseous molecular system,
to megacycles, using solids. Molecular amplifiers saturate at low
input powers, of the order of microwatts. Variations of the devices
discussed may provide a means of generating millimeter and sub-
millimeter waves.

I. INTRODUCTION

N FAMILIAR microwave devices, such as klystrons,
I[ magnetrons, and traveling-wave tubes, dc power

is converted to microwave power by the inter-
action of moving charged particles (electrons) with a
microwave field. Microwave fields can also interact
with uncharged matter (molecules). In such “molecular
interaction,” there is no flow of charge, with its kinetic
or positional energy being transformed to rf energy, but
instead the internal energy of molecules is directly con-
verted to microwave energy. This is a familiar process
at very short wavelengths, for example, emission of
visible light from a gas discharge. This light represents
the direct transformation of internal electronic excita-
tion energy of meutral atoms to electromagnetic radia-
tion energy. However, there is a difference of profound
importance between such optical radiation and the
microwave radiation of interest in this paper. Atoms
excited in a discharge tube have a very strong tendency
to radiate light spontaneously. The presence of similar
radiating atoms nearby has negligible effect on the emis-
sion, and the atoms emit independently of each other in
an incoherent fashion. In the microwave frequency re-
gion such spontaneous emission of internal energy as
radiation is relatively unimportant. Molecules must be

* Original manuscript received by the IRE, December 3, 1956.
1 Radio Corp. of America Labs., Princeton, N. J.

]

induced to give up their internal energy by locating
them in a microwave field that either is generated by
neighboring radiating molecules or is externally applied;
this induced emission is cokerent, that is, phase-related
to the general radiation field.

The motions of electrons in atoms and molecules
are such that the associated energies form a discrete
set, that is, only those motions leading to certain al-
lowed internal energies can exist. Thus, the internal
energy associated with the motion of electrons bound
in molecules is quantized; an electron can only exist in
certain energy states. It has become conventional to indi-
cate the scheme of energy states for a molecule by a
diagram such as Fig. 1. From this representation the
term energy level has arisen, and is used interchangeably
with energy state.

ENERGY

Fig. 1- -Schematic representation of energy states (or levels).
The vibrational energies of atoms bound together in
molecules and molecular rotational energies are similarly
quantized and may also be represented by an energy
level diagram. Other sources of internal energy, such as
the orientation of molecular {(and nuclear) dipole mo-
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ments in an applied electric or magnetic field, are also
quantized.

The various internal energy states corresponding to
different excitations of electronic motion generally lie
a few electron-volts apart. Molecular vibrational ener-
gies are much smaller, typically of the order of 10-3
electron-volts; rotational energies are even lower, in the
10— to 10~% electron-volt range, as are orientational
energies of paramagnetic ions in usual laboratory mag-
netic fields (a few thousand Gauss). Nuclear moments
are about three orders of magnitude weaker yet, cor-
responding to energies of only about 10~7 electron-volts.

Molecules in certain of their energy states can inter-
act with a microwave radiation field of appropriate
frequency and either absorb energy from the radiation
field while jumping to a state of greater internal energy,
or, under the influence of the radiation field, can give
up some of their internal energy and drop to a state
of lower energy. The amount of internal energy thus
transferred, i.e., the difference in energy of the two ener-
gy levels, W,— W, is linearly related to the frequency
of the radiation field:

W1 - I/VQ = hV.

Here k is Planck’s constant and » is the frequency.
vhi fields (at about 100 mc) correspond to energy
differences of only about 4 X10~7 electron-volts. These
can therefore produce nuclear magnetic resonance; that
is, they can interact with molecules to change the orien-
tation of nuclear magnetic moments in fields of a few
thousand Gauss. Microwave frequencies of about 10
kmec correspond to energies of about 4 X107 electron-
volts, which are typical of rotational and electronic para-
magnetic energies. Visible light, as mentioned earlier,
corresponds to the relatively large energy associated
with changes of electronic motional energies (a few
electron-volts). Because of the very small energy trans-
fers associated with low frequencies, useful molecular
amplifiers are more likely to operate at frequencies above
1000 mc.

Consider two energy levels of a molecule whose
energy difference corresponds to a microwave frequency.
If a molecule in the lower energy state is placed in a
microwave field of this frequency, it will absorb energy
and hop to the upper state. An atom in the upper state,
on the other hand, will give up energy to the microwave
field and drop to the lower level. The probability for
both transitions is the same. Therefore, whether a sys-
tem of many molecules exhibits a net absorption or emis-
sion of energy depends on whether more molecules are
in the lower or upper energy state. All molecular systems
when allowed to come to thermal equilibrium have
more molecules in the lower of each pair of states, and
hence are absorptive. However, it is possible to build
devices that will disturb the molecular system and put
it in an emissive condition where more molecules are in
the upper of a pair of states. Such a disturbed, emissive
system is a “molecular amplifier”:
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incident on it will take up energy from the molecules.
By providing suitable feedback, a “molecular oscilla-
tor” can be made.

Several methods of producing an emissive condition
have been devised. One that has been tested is the
molecular-beam Maser,!-? in which a beam of ammonia
molecules is physically separated into two beams, one
consisting of upper-state molecules and the other of
lower-state molecules. The upper-state beam is then
used in a resonant cavity as the emissive molecular
system of a microwave amplifier. As an oscillator the
beam Maser has exceedingly high spectral purity; as
an amplifier it has only a very narrow amplification
bandwidth.

Another device, the “hot-grid cell,” also uses ammonia
gas. However, unlike the beam Maser, this is a “sealed
off” gas system that does not require continuous pump-
ing. An emissive state is maintained by selective reflec-
tion of upper-state molecules at one wall. In addition
to the advantage of eliminating pumps, the amplifica-
tion bandwidth is an order of magnitude larger than in
the beam-type Maser. It is still only tens of kilocycles,
however.

To get greater bandwidths without loss of gain,
molecular systems of higher density are needed. It is
expected that megacycle bandwidths can be attained
using solids. Two methods of exciting such systems by
interchanging the populations of two levels have been
found. These are: 1) excitation by applying a short con-
trolled pulse of microwave power at the transition fre-
quency, and 2) excitation by “adiabatic fast passage,”
where a strong exciting microwave field is swept in fre-
quency past the transition frequency. However, these
excitation methods are essentially pulsed ones, giving
only intermittent amplification. Another method of
exciting a solid molecular system that operates con-
tinuously has been developed. In this, a strong micro-
wave field equalizes the populations of two energy
states and amplification is secured at a lower frequency
by inducing transitions between one of these two levels
and an intermediate undisturbed level. Whereas con-
ventional tubes require dc power to operate, all of these
methods of exciting solid systems entail the supplying
of energy to the system at microwave frequencies. In a
solid, the lifetime of an excited state during which it
can interact with radiation is determined in part by
thermal motions of the lattice atoms. Therefore, solid-
state devices seem to work best at very low (liquid
helium) temperatures; this practical disadvantage will
probably be overcome by future developments of ma-
terials in which interactions with the lattice are very
weak.

1 J. P. Gordon, H. J. Zeiger, and C. H. Townes, “The Maser—
new type of microwave amplifier, frequency standard, and spectrom-
eter,” Phys. Rev., vol. 99, pp. 1264-1274; August 15, 1955.

? The term “Maser,” an acronym for “microwave amplification
by stimulated emission of radiation,” has been coined to describe
the general class of microwave amplifiers based on molecular inter-

action. It is often used in a more restricted sense to refer to one form
of molecular amplifier, that using a beam of excited molecules.
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A very narrow band gaseous amplifier that is excited,
not with microwave energy but with visible light, is also
being worked on. This should provide, as does the molec-
ular beam Maser, a tuned element of exceedingly high Q
for an “atomic clock” or frequency standard.

There are two basic features of molecular amplifica-
tion and generation that make it attractive in com-
parison to electronic devices. First, molecular amplifica-
tion does not have many of the sources of noise that
plague electronic amplification, such as flicker noise,
induced grid noise, shot noise, and partition noise.’+*
Molecular amplifiers can therefore have low noise figures
and molecular oscillators can have high spectral purity.
Second, the frequencies are determined by the internal
molecular structure. Therefore, the limitations on the
generation of very short microwaves imposed by elec-
tron transit time effects of conventional tubes no longer
restrict the attainable frequencies. Of the disadvantages
of molecular amplifiers, the narrow amplification band-
width is perhaps the most serious.

The next section gives a general discussion of the
basic physical processes involved in emissive molecular
systems and of the requisite molecular properties. Those
who are familiar with the basic concepts in the interac-
tion of microwaves with matter will wish to skip over
this section. The specific requirements for amplification
and oscillation are discussed in Section III; Section IV
discusses in detail the practical approaches to the subject
outlined earlier. A discussion of the present state of the
art and comments on possible future developments in
Section V conclude the paper.

11. Basic PuvsicAL PROPERTIES AND PROCESSES
OF MOLECULAR SYSTEMS

A. Description of a Single Molecule

Numerous experiments have shown that an isolated
molecule cannot have arbitrary internal energy, but
can only have one of a discrete number of energies;
that is, molecular internal energies are quantized. This
behavior is in contrast to that of a free electron, whose
kinetic energy, or potential energy in an electric field,
can assume any of a continuous range of values.?®
Molecules and electrons may therefore be expected to
have basically different types of interaction with elec-
tromagnetic radiation. To study molecular interactions,
the properties of molecules in the various internal ener-
gy states must be known.

According to quantum theory, the state of a mole-
cule is completely specified by a state function. Any
general state of a molecule can be expressed by a linear
combination of the state functions that describe the

3 J. R. Pierce, “Physical sources of noise,” Proc. IRE, vol. 44, pp.
601-608; May, 1956.

4. L. Lawson and G. E. Uhlenbeck, “Threshold Signals,” Mc-
Graw-Hill Book Co., Inc., New York, N. Y.; 1950.

* The kinetic energy and any positional potential energy of a
molecule are similarly unquantized. However, we are considering
only “molecular interactions,” where changes of internal, rather than
kinetic (or positional), energy are involved.

Wittke: Molecular Amplification and Generation of Microwaves

293

individual quantized energy states. Denote the function
corresponding to the state with internal energy W; by
¥;; then any general state Y can be expressed by:
v =2 a¥s ¢y
$
The a's, which may be complex, are analogous to
Fourier coefficients in a Fourier decomposition, and are
called “probability amplitudes.” They have the physi-
cal significance that if the internal energy is measured,
the probability that the value W; will be obtained is
equal to |a;|2 Eq. (1) has the interpretation that un-
less a;=0 for %7 and |a;| =1, the energy of the system
is uncertain: an energy measurement may yield any
of the values W; for which ¢;70. A state describable
by such a state function is called a superposition energy
state, as it is made up of a linear combination of pure
energy states ¥;. In predicting the result of an energy
measurement, it is seen that only the magnitude of the
a;’s is important. Other properties of the system in
a superposition state, however, such as its interaction
with microwaves, depend on the relative phases of the
various a;’s, as well as on their magnitudes. There are
certain processes that do not change the energy of the
molecule, but produce changes in these relative phases;
the interaction process between molecules and radiation
is critically dependent on such processes.

B. Description of Many-Molecule Systems

Thus far, only isolated single molecules have been
considered. When a number of such molecules are as-
sembled, the interaction between these elements may
be weak, or sporadic. In either case, the system of in-
dividual-molecule energy levels may still be used, with
the aid of statistical methods, fo predict the behavior of
the many-molecule macrosystem. On the other hand,
in cases where the interactions are continuous and
strong, the individual-molecule energy level scheme
breaks down and must be replaced by one treating the
macrosystem as a whole, Systems with weak or inter-
mittent interactions between the elements will be of
interest in this paper. Even in a solid, molecular sys-
tems that are but weakly coupled to each other and
their surroundings may be found. Certain paramag-
netic ions, introduced as impurities in a host crystal
lattice, are examples.

Consider a system of many molecules. If the internal
energy of one of the molecules is measured, it will be
found to be one of the discrete allowed values. The ques-
tion arises: what can be said about the distribution of
the molecules among these allowed energy states? The
answer given by statistics is the following. If the sys-
tem is in thermal equilibrium at an (absolute) tempera-
ture T, in any sample containing many molecules the
ratio of the number of molecules with energy Wi to the
number of molecules with energy W2 is given by:

NW) Ni (W= W)
N Ne [ kT ] &
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where £ =1.38X1071¢ erg/°K (1.38X10-% joule/°K) is
Boltzmann’s constant. This Boltzmann distribution has
the properties that states of lower energy are more
highly populated than states of higher energy and that
the population ratio of any two states can be enhanced
by lowering the temperature and reduced by raising it.

C. Relaxation Effects

The Boltzmann distribution of molecules among the
various possible energy states is an equilibrium one;
that is, as long as the temperature of the system is held
constant, once this distribution is attained, it will re-
main the same indefinitely.® Any distribution whatever,
if it is left undisturbed for a sufficient length of time,
will spontaneously change until it is an equilibrium one.
The processes that produce such changes in an arbi-
trary distribution are known as the “relaxation mecha-
nisms.” Interaction with a “black-body?” radiation field,
collisions between molecules, and electric and magnetic
dipolar interactions between molecules are among such
processes of importance in molecular amplifiers.

For convenience in handling many problems, the re-
laxation processes are divided into two classes which
are not necessarily mutually exclusive. These corre-
spond to the two different ways a system can deviate
from equilibrium. Once the total number of molecules
in each energy state is known, the total internal energy
IV of the molecular system is given by

W=D N{(Wj) X W,

k3

If the total energy of the molecular system differs from
its thermal equilibrium value Wq, spontaneous changes
will occur that result in a net transfer of energy between
the internal degrees of {reedom of the molecular system
and its surroundings (a heat reservoir). Those processes
that contribute to this exchange of energy are called
“longitudinal” relaxation processes. In many cases of
practical importance, the displacement of the molecular
internal energy W from its equilibrium value W, de-
creases exponentially with time:

AW — We) 1
— = — (W — V).
p Tl( ca)

The reciprocal of the decay constant, which has the
dimensions of a time, is known as the “longitudinal”
(or “spin-lattice”) relaxation time. It is conventionally
designated 7.7

¢ It thus must correspond to a state of maximum entropy, or
maximum disorder.

7 The reader is warned of the possible confusion of the absolute
temperature, T, and the relaxation times T} (and T%). This symbology
has become standard in the field, and hence is retained here. It arose
in the field of nuclear magnetic resonance, where the internal energy
is the magnetic dipolar or “spin” orientation energy of nuclei in an
applied magnetic field. The term “spin-lattice” relaxation also arose
in nuclear magnetic resonance, where the crystal lattice constitutes
the heat reservoir.
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There is another kind of relaxation process. Since the
equilibrium state is one of complete randomness or
molecular chaos (maximum entropy), any coherence or
definite phase relationship between the various mole-
cules constituting the system corresponds to a (par-
tially) ordered, and hence nonequilibrium, state. In this
case, the energy of the system W need not depart from
its equilibrium value W,q to produce a nonequilibrium
state. Relaxation processes that tend to destroy such
order in the system are known as “transverse” proc-
esses, and where they can be adequately described by
an exponential decay of the order are describable
phenomenologically by a “transverse” (or “spin-spin”)
relaxation time 7. Examples of this type of relaxation
process can be found that either can simultaneously
transfer energy between the system and surroundings,
or can involve only members of the system itself, and
hence cannot exchange energy with the heat reservoir.
A collision between two gas molecules, where internal
energy can be transformed to kinetic energy of the
molecules is an example of the former; the magnetic
dipolar interaction between two localized spins in a crys-
tal is an example of the latter.

D. Molecular Interaction with a Radiation Field

A molecule can exchange energy with an oscillating
electromagnetic field only if the frequency of the os-
cillation is related to the allowed internal energies of
the molecule by the Bohr frequency condition

IV,‘ _— IVJ' = ’lll, (3)

where W;, W; are the internal energies of the sth and
jth quantum states, » is the frequency of the radiation,
and £=6.624X10"%" erg-sec (6.624 X103 joule-sec) is
Planck’s constant. The energy in a monochromatic elec-
tromagnetic wave is also quantized; that is, the energy
in the wave comes in “packets,” or photons, and can
only change in finite steps corresponding to the energy
of a photon. For a wave of frequency », the energy of
the photons is just k». The interaction may then be con-
sidered to be either one of two processes: the absorption
of a photon by the molecule with a corresponding in-
crease in internal energy, or the emission of a photon
with a corresponding drop in internal energy. With this
picture the above frequency condition (3) follows im-
mediately from the principle of conservation of energy.
The apparent discrepancy between a quantized radia-
tion field of discrete photons and the continuously vari-
able electric and magnetic fields usually dealt with can
be resolved by considering the size of a photon. For a
microwave frequency of 10 kme, the photon energy is
only 6.6 X101 erg (6.6X10~2 joule); a wave at this
frequency carrying a microwatt of power has a flux of
1.5X10" photons/sec. It is because ordinary practice
deals with such huge numbers of photons that the dis-
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creteness of the wave energies does not generally make
itself manifest.?

There are three basic types of radiation field-molecule
interaction: absorption, induced or stimulated emission,
and spontaneous emission. In absorption, as the name
implies, a photon is absorbed by the molecule, which is
then lifted to a state of higher energy. Induced emission
is the reverse process, whereby, under the action of an
applied electromagnetic field, a molecule emits a photon
at the frequency of the applied field and drops to a
lower internal energy level. In spontaneous emission, a
molecule in an excited energy state, 7.e., an energy state
other than the lowest, even though it is undisturbed
by an applied field, emits a photon at the characteristic
frequency given by the Bohr frequency condition and
drops to a lower energy state. These types of interaction
were treated on a phenomenological basis by Einstein®
before an adequate microscopic quantum picture was
available. His “B-coefficient” gives the probability for
either absorption or induced emission; his “A-coefh-
cient” gives the spontaneous emission probability. In
amplification, we are clearly dealing with induced emis-
sion. In the case of a molecular microwave generator,
the basic process is cokerent spontaneous emission. This
can alternatively be considered a case of self-induced
stimulated emission, where the energy supplying the in-
ducing field comes from the molecular system itself.

It is not possible to cause transitions between every
two internal energy states by means of electromagnetic
radiation. In addition to the conservation of energy re-
quirement given by (3), momentum conservation and
other requirements must be met. The effect of this is to
impose restrictions on what pairs of states may be
coupled by radiation. These restrictions are known as
“selection rules,” and are usually expressed in terms of
allowed changes in the quantum numbers specifying the
internal states. For example, the rotational energy of
a simple diatomic molecule may be written as

Wy = BJ(J + 1)

where B is a constant depending on the molecule and J
is the rotational quantum number. The usual selection
rule for transitions between the states of energy Wy is
given by

AT = AIfinal - ]iniﬁnl = 4 1;

i.e., the rotational quantum number must change by

8 The question of the meaning of phase when a radiation field is
considered to consist of particle-like photons, and other questions
dealing with the “wave-particle duality” of radiation are too involved
to go into here. The interested reader is referred to texts on quantum
theory for further discussion, e.g., D. Bohm, “Quantum Theory,”
Prentice-Hall, Tnc., New York, N. Y. chs. 1 and 2; 1951, or W.
Heitler, “The Quantum Theory of Radiation,” University Press,
Oxford, Eng., 2nd ed.; 1950.

9 A. Einstein, “On the quanta theory of radiation,” Phys. Zeit., vol.
18, pp. 121-128; March 15, 1917. For a brief review of Einstein's argu-
ment, see, E. U. Condon and G. H. Shortley, “The Theory of Atomc
Spectra,” Cambridge Univ. Press Cambridge, Eng., ch. 4; 1951.
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one unit when a photon is emitted or absorbed, the plus
sign corresponding to absorption, and the minus to
emission. This is because each photon carries one unit of
angular momentum, which must be conserved.

A very important point about absorption and emis-
sion must be made. Both a microscopic quantum me-
chanical treatment and Einstein's phenomenological
treatment give the result that, for a given applied
microwave field strength, the probability of a molecule
in the lower of two energy states absorbing a photon
is exactly equal to the probability of a molecule in the
upper of the same two states giving out a photon by in-
duced emission. This has the consequence that any
macrosystem that is in a state where two energy levels
are equally populated will be completely transparent to
radiation at the frequency corresponding to their energy
difference. Neglecting the usually insignificant spon-
taneous emission effects, it is only an imbalance in
populations that produces an observable effect. For
computational purposes it is therefore possible, when
considering transitions of molecules between two energy
levels, to “pair off” the molecules as far as possible, and
to deal only with the “excess” molecules in the more
highly populated state.

To make this somewhat clearer, consider a gas in
thermal equilibrium. Since radiation at only one fre-
quency will be of interest, only the two states coupled
by radiation at this frequency need be considered. Let
the upper energy state be designated 2), the lower 1); let
there be a total of NV molecules in the two states.

N:+ N; =N.
From (2),
Nz Wz - I/Vl ]lV
—— =exp| — —— | =exp| ——|. (4
AV kT kT

Solving these equations for Ny and N, gives

N

N, = )
hy
1 + exp (— ?f)
I
exp (—- ﬁ) N
hy
1+ exp (— E)
“Pairing off” molecules, the “excess population” is
Iw
2kT>'
At microwave frequencies, hv/2kT<1 generally holds,
and (5a) becomes

Ni— Ny=N tanh( (5a)

hy
Ni— Ny=——N (5b)
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(At extremely low temperatures, the exact (5a) must
be used.) If radiation at frequency v is incident on the
gas, it will absorb energy (since N> N,) at the same
rate as a gas composed of (hv/2kET)N molecules all of
which are in the lower of the two energy states.

It has been seen that an electromagnetic field of the
proper frequency can induce transitions between the
energy levels. It must be remembered, however, that
while this is going on, the relaxation mechanisms are
operative, tending to restore the system to thermal
equilibrium. For weak transition-inducing fields, the re-
laxation mechanisms are strong enough to maintain the
system in an absorptive state not much different from
that of thermal equilibrium. However, if the electro-
magnetic field strength is increased, molecules tend to
undergo induced transitions to the upper energy state
faster than the relaxation processes can restore them to
the lower state. The effective “pairing off” of molecules
is then shifted from that at equilibrium, and there are
fewer molecules now in the “excess” to absorb. The
total absorbed power does not decrease, as the power
absorption per molecule is greater at higher fields. It
does reach a limit, however, determined by the maxi-
mum rate that the relaxation processes can remove the
internal energy from the molecular system thus supplied
by the microwave field. Under these conditions, the
microwave absorption is said to be “saturated.” An
analogous situation will be encountered in considering
amplification.

The above discussion has assumed that the energy
levels are perfectly sharp, that is, that only one (mono-
chromatic) frequency couples two energy levels. This is
not strictly true: transitions may be induced by a band
of frequencies centered at the frequency given by (3).
Thus, absorption or emission spectral “lines” have a
finite frequency width which can be ascribed to a
“width” of the corresponding energy levels. The physi-
cal reason for this width is that because of relaxation
processes, a molecule interacts with the radiation field
for only a finite time before it is “dephased” and (effec-
tively) the interaction stops momentarily. But in an
interaction time ~T5, a molecule will “see” essentially
the same number of cycles of the microwave field as
long as the frequency lies in a band of frequencies of
width Av ~ (1/T5). In other words, a molecule is not able
to tell what frequency is acting on it to within a range
Ay in the time T, before the interaction is interrupted.
The spectral width of a molecular resonance should thus
be given by AvTe~1, with short relaxation times leading
to broad lines and conversely. This is as observed: in a
gas, where T, is inversely proportional to the pressure,
the observed line width is also proportional to the pres-
sure. Dephasing processes not describable by a relaxa-
tion time T, such as the Doppler effect, have a similar
result. Such effects are commonly met with in the micro-
wave spectroscopy of gases and provide a means of
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studying molecular interaction processes in detail 10.11
In a solid, where the molecules are very near to each
other, strong interactions, leading to short relaxation
times, are frequently encountered. Resonances in solid
systems are thus apt to cover a broad band of fre-
quencies. (Resonances of over a hundred megacycles are
generally too broad to use for amplification purposes,
but widths roughly one megacycle and up can be found.)

In some cases it happens that certain frequencies
couple more than one pair of states. This may happen
because two or more internal states correspond to the
same energy (degeneracy), or because two or more pairs
of levels “accidentally” are separated by the same
energy gap. The first of these cases is the more common.
However, in many systems of interest neither effect oc-
curs. To simplify the discussion, it will be assumed that
neither occurs in all the following. It is a good approxi-
mation to ignore the effects of all energy states but the
two that are directly coupled. This reduces the situation
to a relatively simple two-state case.

E. Properties of a Two-State System

In the case that only two energy levels are of im-
portance, one deals with a system of molecules that in-
teracts with the radiation field only when the frequency
of the field is near the resonant frequency »o. Such a
radiation field induces transitions between the two
energy states, molecules in the lower state undergoing
transitions that absorb energy from the radiation field
and lift them to the upper energy state, and molecules
in the upper energy state giving up energy to the field
and dropping to the lower state. As mentioned earlier,
the transition probability for an atom in the lower state
to absorb a photon and jump to the upper state is
exactly equal to that for an atom in the upper state to
emit a photon and jump to the lower state (neglecting
the usually small spontaneous emission effects). A semi-
quantum mechanical calculation of these transition
probabilities is given in the Appendix. The basic result
of interest here is that if a molecule is in either one of
the energy states at time ¢=0, at time ¢ the probability
that it has undergone a transition and is in the other

state 1s glve“ by.
( n )

e

sinde[6 -+ (£)]7 @

10 W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave
Spectroscopy,” John Wiley and Sons, Inc., New York, N. Y.; 1953,

u C, H. Townes and A. L. Schawlow, “Microwave Spectroscopy,”
McGraw-Hill Book Co., Inc., New York, N. Y.; 1955.

Transition _
Probability
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Adipole transition has been assumed, with p the molec-
ular electric dipole moment and E the amplitude of the
applied microwave field. (Although the electric case has
been assumed, all expressions are equally valid if E is
replaced by a microwave magnetic field H'? if p is then
taken as the magnetic dipole moment.) » is the frequency
of the applied field and vo=(W,—W))/h. Eq. (6) is
plotted in Fig. 2; as shown there, the transition prob-

TRANSITION
PROBABILITY

TIME

Fig. 2—Transition probabilities between energy states as a function
of time for molecules initially in one of two microwave-coupled
states when subjected to microwave radiation at or near the
resonant frequency.

ability oscillates between zero and

(%)

oL (P
(V—Vo) +(h>

On resonance, (¥ =»0), a molecule oscillates between the
two states, while somewhat off resonance, a molecule
that starts in one state never quite gets to the other
(with certainty) before the process is reversed.

The average power flow to or from the radiation field
due to transitions depends on a suitable averaging of
transition probabilities, the averaging being dependent
on the physical situation envisioned. One important
case is that of collisions randomly distributed in time
determining the interaction period. From (6), the in-
stantaneous rate of energy transfer is

d
P() = Pt — ) = hvg X 0 (Transition probability)

E\?
whve (-P—)
h

o (DT
. {ZT [(V o (—thﬂ = zl)} (D

Here the last interruptive collision occurred at time #.

12 Strictly speaking, B should be used instead of H for the micro-
wave field. Common usagein the field, however, replaces B with H; to
avoid confusion with the literature, H will be used throughout this

paper.
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The probability that a molecule had its last collision be-
tween times {4 and £ +d¢; is given by

1 (- 11)]
—ex - ———\dt,.
P [ r, 1%

The average power is found by averaging (7) over this
distribution of times ¢;:

P ftP(t 1) ! [ (t_tl):ldt
avg — - —— €X -
= ). VT, P T, 1

w [ pE\? 1
I)avg S o ——_')
2T, \ h 1

\ 2 P_E;'.!
o=+ () + (%)

The above averaging over collision times implicitly
assumes that 77 =T, A calculation made under the as-
sumption of T, T» gives the more general result

_— (pli)'l 1
AT\ k 1\ T, pE)2
—_— 2 —f
DTS (zm) +T2( h

This is the often-observed Lorentz line shape (see Fig.
3). From the last factor in (8) it is seen that the power

)

Y, FREQUENCY

Fig. 3—Average power transferred between molecules and a micro-

wave field at frequencies near resonance, showing the often-
observed Lorentz shape.

is roughly independent of the frequency as long as

)2<<( ! >2+ T’(Pb)2
= wTy) T\ k)’

while it drops off rapidly with increasing departure from
resonance in the range

( )’>>( : >2+T‘(1>E>2
YT e T\ k)
The frequency bandwidth for interaction is thus ap-
proximately given by




v — w)? (1)2+T‘(”E)2 (9)
T T\ T\ )

This illustrates a general feature common to all physical
situations: for short transverse relaxation times T, the
interaction is spread over a broad band of frequencies,
and conversely, and for high microwave field strengths,
the interaction frequency width is similarly (saturation)
broadened. ,

With a different physical situation, such as in a de-
vice employing a beam of molecules where the inter-
action time is the time for the beam to traverse the de-
vice, the time averaging is different from the above and
the resulting line shape is non-Lorentz. The basic ideas
and general results are the same whatever the proper
averaging, however.

F. Classical Treatment

The foregoing has been a semiquantum-mechanical
microscopic approach, where the results of experiments
with a large number of molecules were deduced on the
basis of what happens to individual molecules. In most
cases of interest for amplification, only the gross macro-
scopic behavior is important, and all results can be ob-
tained on a phenomenological basis using a purely clas-
sical treatment.

The connection between the microscopic and a mac-
roscopic treatment is easily seen in the case of a system
of electron spins in a magnetic field, for example. The
elementary dipoles can exist in only two energy states,
corresponding to alignment roughly along and against
the field. As seen from (Sb), at thermal equilibrium the
excess number of spins in the lower energy state, leading
to alignment with the field, is given by

hy
Ni— N, =
2kT

V.

Now, however,
h = 2;1,[1,

where u is the magnitude of the component of an ele-
mentary dipole along the field, so that

N
Ni—No= — H.
BT

The macroscopic magnetic moment is given by

Nu?

M= pu(Ny— Ny = .

From this, a static magnetic susceptibility xo can be
defined by

M = xoH,
with
Nu?
X0 = 7 .
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(The discrepancy by a factor of 3 between this and the
classical Langevin formula is apparent rather than real:
¢ is the field-parallel component of the total dipole mo-
ment po, and it can be shown quantum mechanically
that po=1/3u.) -

The macroscopic moment M is parzfl_l)el and propor-

tional to the total angular momentum 4 of the system.

— —
M = yd.

v is known as the gyromagnetic ratio of the system. The
classical relation between the torque applied to a system
possessing angular momentum and the rate of change of
the angular momentum then gives the dynamic be-
havior of the molecular system.

—ry
(lrl —_ RN
= Torque = (M X II)
dt
s
{ILM e d —_
— = y(M X II),
dt
or
(lAM;
=y(M, I, — M.II,)
dt
M,
= V(lelz - M,[[,)
di
dM,
i y(M AT, — M,H.).

Take the direction of the (assumed large) static mag-
netic field along the z axis and assume that the micro-
wave magnetic fields are in the x—y plane. The spin
energy of the system is then given by

W=-M,H,,
with a thermal equilibrium value of
We = — M,

If the effects of relaxation processes are included in the
above equations, they become

iM 1
= 'Y(M,,I[z - lely) - .M;r
dt Ts
M, 1
= (M., — M) — — M,
(l[ Tg
M, 1
=~y(M H,— M,II,) — — (M, — M.).
df Tl
These are the famous equations first introduced by

Bloch® to explain the phenomena of nuclear magnetic
resonance.

Similar classical treatments can be given for the
molecular amplification systems discussed later in this

13 F, Bloch, “Nuclear induction,” Phys. Rev., vol. 70, pp. 460-
474; October 1, 1946,
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paper by introducing a complex electric or magnetic
microwave susceptibility, the imaginary part corre-
sponding to the absorption (or emission) of energy by
the molecular system and the real part to the molec-
ularly-induced dispersion. In general, however, the
microscopic approach will be used in this paper as it
gives a better detailed picture of the processes oc-
curring.

III. BAsic AMPLIFIER AND OSCILLATOR RELATIONS

In the preceding section, a discussion of the basic
physical processes of importance in dealing with micro-
wave amplification using the molecular interaction be-
tween matter and radiation was given. These ideas will
now be applied to the microwave amplification or gen-
eration process itself, in particular, to the possible time-
dependence of gain, the power handling capabilities, the
available gain, the amplification bandwidth, the noise
figure, and the efficiency of molecular amplifiers.

A. Continuous and Pulse Operation

The excitation process of the molecular system during
which it is put into an emissive condition, 4.e., one in
which there are more molecules in the upper of two
microwave-coupled energy states, inevitably interferes
with the amplification or oscillation process. Thus, if
all molecules in the system are excited simultaneously
only pulse operation is possible, and each useful period
of amplification or oscillation must be followed by a
“dead” period while the system undergoes excitation.
To achieve continuous operation, the various molecules
constituting the macrosystem must undergo excitation
at different times. The excitation process can occur
either in the same region as the amplification process, or
the molecules can be excited outside the interaction re-
gion and then brought into the amplification region.
Each of the above possibilities is used in one or more of
the devices to be discussed later.

In all molecular devices, both amplifiers and oscilla-
tors, power losses in the microwave structures are of
great importance. To have an amplifier (or oscillator),
it is essential that more power be transferred to the field
from the molecular system than is lost (to resistive heat-
ing) in the structure. In a pulsed system, the state of
the macrosystem is a function of time, and hence
whether or not this condition for amplification is satis-
fied may also be time-dependent.

B. Saturation

As seen above (8) for absorption (it is also true for
emission), the transfer of energy to the radiation field is
proportional to the incident power, and hence the am-
plification is linear, as long as

14 A point of terminology arises here. It is always possible to gate
a continuous amplifier (or oscillator) off and on, thereby achieving
intermittent or “pulsed” operation. In this paper, however, the
term “pulse operation” will not refer to such “gated continuous opera-
tion” but only to systems where the energy transfer to the field is
intrinsically intermittent due to the mode of excitation,
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TI(I)E)2 ( 1 )2
—(=) «
Ta\ 2T,

” It
2ap(T\Ty)'?

or

8

(10)

Physically, linear amplification is only obtained when
but a small fraction of the total available energy in a
molecular system is extracted by induced emission.
Thus, unless the strength of the transition-inducing
microwave field satisfies the above condition, the am-
plifier will be operating in a nonlinear (saturated)
fashion. As seen from (9), the frequency bandwidth for
interaction (with no saturation) is related to the relaxa-
tion time by

1
(Molecular bandwidth) < — -
~ 7I'T2

Therefore, the condition for linearity of amplification is

I fTo\'?
EK— (—) X (Molecular bandwidth).
2p\T,
For electric dipole transitions, such as are common in a
gaseous system, p is of the order of 108 esu’ (1.6 X 10~2°
coulomb-meters); for magnetic dipole transitions, as
would be found in a paramagnetic amplifier, p is about
10-2° emu (10~% joule-meter?/weber). Thus, for linear
amplification, the microwave fields must satisfy the
conditions:

]‘2 1/2
E (electric dipole) < 3 X 10~* (—)

1

X (Molecular bandwidth) stat-volts/cm

T\ M2
K 104 (—-—)
T,

X (Molecular bandwidth) volts/meter
H (magnetic dipole) T2
<3 x10e(%)
T

1

X (Molecular bandwidth) Gauss

To\ /2
K3 X 10‘“(—)

1

X (Molecular bandwidth) webers /meter?,  (11)

These conditions for linearity can be related to power
flow into a cavity amplifier. For a solid-state (para-
magnetic) amplifier at 10 kmc, for a bandwidth of 1 mc
and T,=7T,, the microwave magnetic field strength in
the cavity must be much less than a Gauss. This corre-

15 Gaussian units are used throughout this paper, 7.e., cgs electro-
static units (esu) for electric quantities and cgs electromagnetic units
(emu) for magnetic quantities. This choice is made to conform with
conventional usage in_the literature of this field. where Gaussian
units are almost invariably used.
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sponds to a input power much less than a watt. As the
example chosen represents a type of molecular amplifier
that is relatively difficult to saturate, it is clear that low
power handling capabilities should be expected in molec-
ular amplifiers.

C. Gain

In considering the gain obtainable from a molecular
amplifier, the physical situation must again be con-
sidered. A rough estimate for a cw amplifier consisting
of a waveguide containing molecules in an emissive con-
dition will first be given. For such an amplifier the
molecules must have a proper phase relationship with
the signal field or they will absorb rather than emit
energy. Proper phasing can be assured by bringing the
molecules into interaction with the signal field in the
purc energy state ¥, corresponding to molecules in the
upper energy level, rather than in a superposition
energy state. Assuming that the signal to be amplified
is on resonance, »=v,, and is weak enough to avoid
saturation effects, the average power emitted by each
molecule is, from (8),
27I'2VP2E2T2

h

(12)

If N molecules contribute to the emission process, the

total power is
2w2Nvp?E2T,

h

total =

The incident power in a waveguide is of the order of
cAE*
8

inc =
where ¢ is the velocity of light and 4 the cross sectional
guide area. Since the power gain in an infinitesimal
length of amplifier is proportional to the incident power,
the wave will grow exponentially as it travels down the
guide, past the emitting molecules. The gain can thus
be written, neglecting guide attenuation, as

Gain = exp (al)

where [ is the length of the amplifier and the gain co-

efficient « is given by:

Pomitted/cm

a - —m—————
Pinuident

161‘8VP2T2N0

hcA (13)

Here N, is the number of molecules per unit length con-
tributing to the emission, that is, in the upper state
“excess.” Under realizable conditions (for example, in
the “hot-grid cell” discussed later), « may be of the
order of 10~% to 10~* cm~!. Thus, to get a gain of ten,
an amplifier length of several meters is required.
Physically, (13) can be understood as follows. The
gain increases with », as the energy given up by each in-
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teracting molecule (the “size” of each photon) is pro-
portional to the frequency. Stronger coupling between
the radiation field and the molecules as determined by
the dipole moment # also results in higher gain, as does
increased “excess population” of emissive molecules No.
Finally, the longer the time T a molecule interacts with
the radiation field before it is disturbed, the greater the
probability of its giving up its available internal energy
as a photon and thus contributing to the amplification.
To avoid the practical difficulties associated with a
long amplifier, a resonant structure such as a cavity
that provides a long effective electrical path in a
physically short length may be employed. If the molec-
ular system is located in a resonant cavity, positive
feedback is automatically built into the amplifier. It is
well-known that the gain of such a regenerative ampli-
fier can be arbitrarily large, becoming infinite at the
threshold of oscillation. The actual situation may com-
prise a transmission cavity or a reaction cavity, with
arbitrary couplings. A case particularly easy to analyze
that displays many of the features of interest is that of a
reaction cavity matched to the transmission line (Fig.
4). The output of the amplifier will be defined as the

R (E,) Pe A (Ep) RAE) P (E)
/ \ / /
ey A B
(E.T ! Py (Eg) (E,T ) Po {ET )
1 \\’/ _ﬁ‘— \\__/ - \\—//
CASE I CASE TT CASE (1+II)
(a) (b) (c)

Fig. 4—Power and field relations in a matched reaction cavity ampli-
fier. (a) A wave is incident on the cavity, building up an oscillat-
ing field E; in the cavity and being dissipated in resistive losses
at the cavity walls. (b) An oscillating molecular system supplies
power P, in the cavity, building up a field E; and producing an
outgoing wave, Po. (c). The two cases are superposed.

power leaving the cavity, and the input as the incident
power. The behavior of such an amplifier can be seen in
the following way.

Consider two situations:

1) Power P;is incident on the cavity, which contains
the molecular system, but the molecular interaction is
effectively “turned off” by shifting the interaction fre-
quency (e.g., by “detuning” with a Stark’ or Zeeman
field). A resonant field of strength E; at the molecular
system is built up in the cavity, and there are wall
losses P;. Since the cavity is matched, there is no out-
going wave. [See Fig. 4(a).] In this case

VVETé

P.'=PL=
400

(14)

16 The shift in the energy of a molecular state due to an applied
electric field is known as the Stark effect, after its discoverer. A simi-
lar shift of an energy level in a magnetic field is known as the Zeeman
effect.
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where E;? is the cavity field squared averaged over the
cavity,

E? = kFEr,

(15)

V is the cavity volume and Q, is the unloaded cavity Q.
ko is related to the “filling factor.”

2) In this situation there is no incident wave, but the
molecular system in the cavity is supplying energy to
the field, setting up an oscillating field E,;. Now there is
an outgoing wave P, and wall losses Pr(E;). [See Fig.
4(b).] These are related to E; by

VVEE

Poy= Py = (16)

(1]

Let P, be the power eniitted by the molecular system.
Then

Po= Po+ P

Finally, superpose the two configurations so that the
fields E; and E; are in phase [Fig. 4(c)]. Conservation
of energy requires that

P;+P,= P+ P,

P, and Py are functions of the total field E=E,+E, in
the cavity, whereas P; is related only to the part E; and
Py to the part E,:

Pi(Ey) + PJE) = Po(Es) + PL(E). (17)
But

RV .

Pi(E)) = "Zé—— E,

0
koVV
0

from (14), (15), and (16), while

PO(EZ) = EZZ

koVV

PL(E) = E*.

0

To make the discussion definite, assume P, has the
Lorentz form given by (8):

kE?
P(B)=—

_ \ ( 1 2 (pE 2'
(v —va)? + 27I’Tz> + >h—>

(18)

Defining

i = — . — — Ly,
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the conservation of energy (17) becomes

Det + —% — Dest + D
€1~ - = (13 e-.
R

Defining further an “oscillation parameter” L:

S 2%,00

YN kv[ o (1 2]
oV (V Vo)+ 27rTz>

the equation beconies, using e=e;+es,

e — e+ (1 — L)e — e; = 0.

4

(19)

Solutions of this equation, giving e, and hence e, as a
function of ¢ for a fixed value of L can be easily, if
tediously, found. The gain of the amplifier is given by

Gain as a function of input power (actually e?) is
plotted in Fig. 5 for various L; output power (es?) is

100

AN

~
5
Nl
oo
—
° —
z
<
@
5
A
001 .005 .01 .05 .10 .50

INPUT POWER PARAMETER, e?

Fig. 5—Gain vs input power parameter ¢ for various values of
oscillation parameter L for a matched reaction cavity amplifier.
L is the ratio of power supplied by the (unsaturated) molecular
system to twice the power lost resistively at the walls.

plotted against input power (e;?) in Fig. 6. Considera-
tion of these figures shows that the optimal operating
condition is with low e; (no saturation). In this limit,
the gain is

LZ

T (20)

Gain (no saturation) =
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When there is no incident power, (19) becomes
e+ (1= Le=0

with the solutions ¢=0 and e?=1—1. For L<1, the
second solution is meaningless. However, for L>1, a
finite real field can exist in the cavity, i.e., oscillations
can be sustained. Thus it is appropriate to call L the
“oscillation parameter.” The figures clearly show the
saturation behavior at high incident fields where the
gain falls off, eventually becoming less than one when
the power supplied by the molecular system is unable to
compensate for the large wall losses associated with the
large cavity fields due to the large input wave. Eq. (20)
for low power level gain shows the characteristic in-
crease in gain (to infinity) as the oscillation parameter
is increased to one.

It is similarly possible to analyze the case of a trans-
mission cavity with arbitrary coupling, but this general
case is mathematically rather unwieldy. Similarly, the
details, but not the general picture, will be changed for
a physical situation giving a relationship between mo-
lecularly emitted power P, and microwave field strength
I differing from (18).
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Fig. 6—Output power parameter e vs input power parameter
ei? for various values of oscillation parameter L for a matched reac-
tion cavity amplifier.

D. Bandwidth

Two factors influence the amplification bandwidth:
the molecular relaxation processes and the microwave
structure. (It is possible, of course, that the latter will
also determine the former.) The relaxation processes

March

determine what might be called the molecular band-
width, which is the width of the resonance line as ob-
served in ordinary absorptive spectroscopy. This width
has been discussed earlier in Section II. The actual am-
plifier will have a somewhat narrower bandwidth, how-
ever.

To see this, consider the case of a nonresonant wave-
guide amplifier with a Lorentz molecular band-shape;

Gain = exp (al)

and

const.

o = _— — .

1 \2
(v — w)* + <27:;2)

Defining the bandwidth as the frequency interval be-

tween the points where the gain is one-half its maximum
value, it is readily shown that

(Amplification bandwidth)

B In 2 e 1
|y Gt | T
L 2
B In 2 v
= —(Gain)m;x X (Molecular bandwidth).
n e

Similarly, for the case of a matched-cavity amplifier
with a Lorentz-type resonance, from

LZ
Gain = ——
(1—-1)
and the oscillation parameter L,
const.
L=— — ——
= w4
vV — v - —
’ (25 Ty)?

assuming high gain, 7.e., L =1, it can be shown that
(Amplification bandwidth)
(V2 — 1)

(Gain) /¢
0.644

(—Gain)”“

X (Molecular bandwidth)

X (Molecul *r bandwidth).

The above expressions show that the gain-bandwidth
product is not constant, but increases with increasing
gain. For reasonable gains (10 =Gain =100), band-
widths between one-fifth and two-thirds the “molecular
width” may be expected.

One of the greatest limitations on molecular ampli-
fiers is the difficulty of getting useful bandwidths. From
the discussion of Section 11, the molecular bandwidth is
inversely proportional to the relaxation time. Eq. (13)
shows that the gain increases with frequency, dipole
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moment, relaxation time, and density of “active” mole-
cules. If the bandwidth is increased by shortening the
relaxation (or interaction) time in some way, the gain
will fall off unless there are compensating changes in
either frequency, dipole moment, or molecular density.
The possible range of these parameters must thus be
considered.

In an amplifier where the molecular system is gaseous,
electric dipole transitions, which are much stronger
than magnetic dipole transitions, can be used. However,
dipole moments are of the order of 10718 esu (1.6 X102
coulomb-meters) whatever the gas used; varying the
gas molecule used will not appreciably alter . It might
be thought that if in a gas amplifier gas collisions are
the dominant relaxation mechanisms, any desired band-
width could be achieved by increasing the density, since
TNy is independent of pressure.

(Tg ~ - 1-; so bandwidth ~ .\].).
Ny

In theory this is so; in practice, excitation mechanisms
fail to work at high gas pressures. This at present pro-
vides an upper limit to expected bandwidths of under
100 kc. Some improvement can be expected by going to
molecular resonances at higher frequencies. However,
increased losses in the associated microwave circuits
tend to reduce the gain obtained in this way.

Another possible way of increasing bandwidth is to
use solid (or liquid) molecular systems, with their huge
increases in density over gaseous systems. This can com-
pensate for the gain lost by spreading the molecular
emission cnergy over a greater range of frequencies, and
greater bandwidths can be obtained this way; however,
there are important counterbalancing effects to be con-
sidered. One is that in condensed systems magnetic
dipole transitions must be used, as the strong, rapidly
fluctuating electric fields encountered in liquids and
solids relax electric dipole-coupled systems so rapidly
that theyv cannot be excited with presently-available
techniques. The largest magnetic dipoles found are of
the order of a Bohr magneton, or

joule-meter?
1020 emu { 1023 -

weber

Since the dipole moment enters as the square, whereas
the relaxation time enters only as the first power in the
gain coefficient expression (13), a density increase of
10* is required just to counterbalance the effects of the
weaker dipole moment.

Even with magnetic dipoles, relaxation times may be
unusably short. At present, paramagnetic materials
seem the most promising, the paramagnetism arising
from unpaired electron spins. The energy levels deter-
mining the resonance frequency are generally in this
case associated with the Zeeman energy of the two
possible spin orientations with respect to an external
applied magnetic field. The transition frequency is
given by
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Here g is the spectroscopic splitting factor and pp=9.27
X 1072 erg/Gauss (9.27 X 10~ joule-meter?/weber) is
the Bohr magneton. For paramagunetic spin systems
with usable relaxation times, g=~2. This gives a fre-
quency of

v = 2.8 mc

where /7 is in Gauss.!” To avoid seriously broadening the
resonance by magnetic field inhomogeneities, it is neces-
sary to have a field uniform over the sample to a frac-
tion of a per cent of the total field. An additional ad-
vantage of a paramagnetic amplifier over a gaseous one
is that the frequency is readily controllable by means
of the applied magnetic field.

E. Noise Figure

I't was pointed out in the intreduction that one of the
important properties of molecular amplification is that
it may introduce very little additional noise onto a sig-
nal. To see this, an expression for the noise figure of a
waveguide-type of molecular amplifier will now be
derived. Other discussions of molecular amplifier noise
have been given in the literature.!:18

Referring to Fig. 7, let P, be the signal power in a
wave traveling to the right at position x, and Py the
corresponding noise power (in a unit frequency band
about the {requency of P,). In a length of amplifier dx,
the increase in signal power dP, is given by

AP, = (No — NDDPulx — a,Pudx. (21)

Here N, is the number of molecules in the upper energy
state per unit length, V; the number in the lower state
per unit length, «, is the waveguide attenuation co-
efficient, and I' is a constant «depending on the dipole
matrix element for the transition and the guide geom-
etry and mode. The first term on the right-hand side of
(21) represents the molecular amplification (increase it
signal power due to excess of stimulated emission over

aXx

Fig. 7—Signal and noise powers in a waveguide amplificr.

17 It should be noted that nuclear magnetic moments could in
principle be used instead of electronic moments. However, the 7v's
corresponding to nuclear moments are two to three orders of magni-
tude smaller than the electronic ¥ =2.8 m¢/Gauss, and thus magnetic
fields in the 105108 Gauss range are necessary to put the transition
frequency in the microwave range.

18 K. Shimoda, H. Takahasi, and C. I1. Townes, “Fluctuations in
amplification of quanta” (to be published).
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absorption) and the second the reduction in signal
power due to resistive losses in the walls.

A similar expression can be written for the increment
of noise power:

dP.V = (N2 - N,)I‘PNdx —_ agP,vd.U

+ a,Pyodx + BNadx. (22)

The first two terms on the right here are exactly anal-
ogous to the terms in the signal power expression.
There are two additional terms, however. The first of
these, a,Pyodx, represents black-body radiation from
the walls. The subscript 0 refers to a condition of thermal
equilibrium at the wall temperature T, taken to be
room temperature. The second additional term, SN.dx,
represents the effects of spontaneous incoherent emis-
sion: it is proportional to the number of molecules in
the upper energy state. (The proportionality constant
B, like T', depends on the dipole moment and guide
geometry.)

The relationship between 8 and I' can be determined
by considering the special condition of thermal equilib-
rium. Then dPy =0, and (22) becomes

0= (1V2o - Nlo)I‘PNodx el a,PNodx
+ aqPNodx + BN3odx

or

But

1Vzo < hl' >
—=exp|— ),
Nio kT,
from (4), and the Planck distribution law for black-body

radiation gives

hy

<hv> 1'
exp [ —) —
P \*T,

From these is obtained the relationship between 8 and I':

8 = I\

Pyno =

Rewriting (22) using this relation gives
dPy = [(N2 — N)T — a,)Pydz + (WI'Ny + agPyo)dx.
This can be directly integrated to give
WwI'Ng + ayPyo
Y (N2 — NT = a
WIN2 + agPno
N1 +
(1V2 - Nl)I‘ — Qg

=exp {[(N2 — N)T — a, )i}

where Py, is the noise power out of the amplifier, Py, is
the noise power input, and [ is the amplifier length.
Similarly integrating (21) for the signal power, the
power gain is
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P
Gain = }f = exp {[(Na — NYT' = o, ]i}.

1
The gain may be written as
Gain = exp [(a« — a)!]

where « is the “gain coefficient.”

Define
TNy + ayPyo
T W= ¥)T — e,
Then
Gain =G = M
Puww+ M
or

Pyq M
=G+ G-1)—"
P ( )

N1 N1

The noise figure F of the amplifier is defined by

F = PN2 for PNl = PNo.
N1
Thus,
P14 (1 - i>_’£
G/ Pwo

M can be put in the form

o (1+ - >+ olve
1 N, a— ay a— ay
N,
and
al’
(+22)
1 hy a— ag a,
F=14+1[1- ——> +
G a—a,

Pry <1 _ _N_1>
N2

In the case G>>1, this can be factored into two terms:

F |:1+< N, )hv"[1+ oy :l
1V2—4V1 PN() a— oy '

The first term on the right is the contribution to the
noise figure due to spontaneous incoherent emission,
the second, the contribution of the effects of black-

body radiation in the guide. The two terms are closely
related, however as the gain coefficient o and the term

=)

N. — N,

both depend on the “excess population” in the upper
state produced by the excitation process. This expres-

sion also shows clearly that losses are vitally important:
unless a>>a,, the amplifier will have a poor noise figure.

(23)
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It is also clear that a large class of “paired off” mole-
cules adversely affects the noise figure by increasing
N, without increasing N;— Ni. However, if the gain
coefficient o greatly exceeds the attenuation coefficient
o, and there are few molecules /V; in the lower state,

hy

kT,

Pt hy -
Pyo

which is of the order of 1.004, or a noise figure of 0.02
db.

F. Efficiency

In general, the efficiency of molecular amplifiers is
low. If the over-all efficiency is defined as the ratio of
the increase of microwave power in the amplifier to the
total power expended in associated electronic circuits,
etc., as well as in the molecular system, the efficiency
is invariably low (well under one per cent). The reasons
for this vary with the different means of exciting the
molecular systems, and hence can only be properly dis-
cussed in connection with an excitation method. How-
ever, a few general considerations will indicate that high
efficiency is not to be looked for in molecular amplifiers.

Roughly speaking, energy must be supplied to each
molecule at a rate given by

hy
1)in = —
T,

where v is the amplification frequency. The power
transferred to the radiation field from the molecular
system is, from (12),

2ty p2ET,

1’0\1 =
’ h

The efficiency is thus of the order of

Pou E\?
© ~ 2mT T (P—> .
Pin h

The condition for linear amplification is that (10)
E\? 1

(P > L—-
h 4T\ T

Efficiency < 1/2.

Efficiency =

So

From this it is seen that the requirement of linear am-
plification severely limits the efficiency that can be
expected.

IV. PRACTICAL APPROACHES

Having discussed molecular amplifiers in general,
various devices that apply the idea of emissive molecu-
lar interaction to solve the practical problems of low-
noise amplification, the generation of microwaves, and
production of frequency standards of high constancy
(“atomic clocks”) will now be considered.
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A. Molecular-Beam Maser

The various devices developed as molecular ampli-
fiers differ mainly in the way in which an emissive
condition is obtained. A discussion of amplifiers in a
sense thus becomes a discussion of excitation methods.
One well-known type of molecular amplifier is the am-
monia-beam Maser.''!* Here the excitation method
consists of physically separating a beam of gas molecules
into two beams, one containing the lower state, and one
the upper state emissive molecules. After the separation,
the emissive beam is used in an amplifier cavity.

The Maser is shown schematically in Fig. 8(a). The
gas molecules issue from the source (a chamber main-
tained at an ammonia pressure of a few millimeters of
mercury) as a well-collimated beam, the directivity
being obtained by the means of a source opening con-
sisting of channels which are long compared to their
diameter and short compared to the mean free path of
the gas. This beam travels first through a focuser
[Fig. 8(b)] and finally into the resonant cavity. The
focuser removes from the beam the molecules in the
lower of the two energy states of interest, leaving in the
beam entering the cavity only upper state molecules.

WAVEGUIDE
MOLECULAR

L F ]
——
ZZZZ7Z7Z2 BEAM
SOURCE FOCUSER CAVITY
(a)

(b)

Fig. 8—(a) Schematic diagram of a molecular beam Maser.
(b) A perspective view of the focuser.

The action of the focuser can be understood by refer-
ence to Fig. 9. This shows how the energies of the inter-
nal states of the molecules vary in an electric field; it is

19 J_ P. Gordon, “Hyperfine structure in the inversion spectrum of
N%H, by a new high-resolution microwave spectrometer,” Phys. Rev.,
vol. 99, pp. 1253-1263; August 15, 1955.

K. Shimoda, T. C. Wang, and C. H. Townes, “Further aspects of
the theory of the Maser,” Phys. Rev., vol. 102, pp. 1308-3121; June
1, 1956.

J. C. Helmer, “Theory of a Molecular Oscillator,” Microwave
Lab. Rep. no. 311, Stanford Univ., Stanford, Calif.; June, 1956.
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seen that the energy of the upper state increases in a
field, and the energy of the lower state decreases. Be-
cause of this (quadratic) Stark effect on the energy
levels, a molecule placed in a region where the electric
field has a gradient will experience a force; this will be
toward the low field region for a molecule in the upper
energy state, but toward the high field region for a
lower state molecule. An inhomogeneous field region
thus acts on the original beam of molecules so as to
split it into two physically separated beams, a focused
one consisting of upper-state molecules and a diffuse,
deflected one of lower-state molecules. The inhomogene-
ous field is produced in the focuser by a series of long,
thin electrodes, parallel to the beam axis and sur-
rounding it [see Fig. 8(b)]. Alternate electrodes are
charged to high and low potentials: this produces zero
field along the axis and high fields near the electrodes.
The upper state molecules in the beam thus experience a
focusing force toward the beam axis, while the lower
state ones are defocused out of the beam. Clearly, only
molecules having this type of Stark effect can be used
in the Maser.

A
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ELECTRIC FIELD STRENGTH

Fig. 9—Stark effect in an ammonia molecule.

If the power emitted by the molecules exceeds the
losses in the walls, the device can act as an amplifier.
If the power emitted exceeds the sum of wall losses and
the power coupled out of the cavity into the connecting
waveguides, oscillations will build up until saturation
effects make the molecularly emitted power equal to
all losses. The power emitted can be controlled by vary-
ing the beam density. Since it is possible to get beam
densities high enough to sustain oscillations, the gain
as an amplifier can be made essentially infinite, with,
of course, a corresponding decrease of the amplification
bandwidth to practically zero.
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The bandwidth of the Maser is determined by a
process not previously discussed. Since the beam is
tenuous, gas collision broading is absent, and if the
TMop mode in a cylindrical cavity is used, there is no
axial variation in the microwave fields and Doppler
effects are also missing. The coherent interaction time
is then determined by the transit-time; i.e., the time it
takes for a molecule to travel the length of the cavity.
The “molecular bandwidth” is of the order of?

v

1
(Molecular bandwidth) ~ — ~ —,
T, l

where [ is the cavity length and » the mean molecular
velocity.

In a molecular-beam Maser, the internal energy
emitted as microwave energy is acquired during the
collisions of the molecules with the walls of the source
chamber whereby they come into thermal equilibrium
with this chamber. The kinetic energies of motion of the
molecules arise in the same way. If the gas admitted to
the source chamber is already at the temperature of the
chamber, there is no further transfer of energy to the
gas from the chamber.

When the Maser is acting as a linear amplifer, only a
small fraction (a few per cent) of the total internal
molecular energy is transformed to microwave energy,
and hence the Maser efficiency is low. Acting as an oscil-
lator, some nonlinearity of emission is inherent, and the
efficiency can be somewhat higher. The kinetic energy
of the molecules is not converted to microwave energy,
but is lost when the “spent” gas is pumped away after
traversing the amplifier cavity. If this is included in
calculating the efficiency, the efficiency is low indeed,
tas the kinetic energy of a molecule leaving a source a
room temperature is typically hundreds of times its
total internal energy available for conversion to micro-
waves.

One gas suitable for use in a Maser is ammonia: here
the “inversion” transitions provide suitable pairs of
levels for focusing. The strongest set of levels has a
transition frequency at 23.870 kmc (1.26 cm). Cavities
roughly 10 cm long give a transit-time bandwidth of
about 6 kc; the amplification bandwidth is somewhat
smaller, depending on the amplifier gain. Assuming a
loaded cavity Qp=5000 and unloaded Q0 =10,000, the
saturation condition for linear amplification (11) indi-
cates that the incident signal power must be

Pine < 10710 watts,

Another important property of the Maser is its
noise figure. However, it is extremely difficult to meas-
ure noise figures as low as expected for such an ampli-
fier, and no conclusive measurements have been made.
The measurements made indicated a Maser noise figure
of about one; i.e., zero db.

* A suitable average over the distribution of velocities must of

course be taken, but this only introduces a numerical factor of order
one.
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As an oscillator, the Maser has the very high spectral
purity to be expected of a very narrow band amplifier.
(The molecular bandwidth is about 3 parts in 107 of
the central frequency, giving an amplification band-
width of only a few kilocycles.) Experimentally,! a
spectral purity of about 4 parts in 10'? has been obtained
for a period of the order of one second. The power
generated by the device when oscillating was estimated
to be a few times 10! watts.

The questions arise: what can be done to improve
various operating characteristics, or, alternatively, to
what extent can performance in one respect be enhanced
at the cost of worsened behavior in another character-
istic? As an amplifier, the main characteristics desired
are high gain, broad bandwidth, low noise figure, and
high power handling capabilities. As an oscillator, spec-
tral purity and power are wanted. High gain in the
Maser is easily assured. The amplification bandwidth
can be increased if the transit time is reduced. This is
most readily accomplished by shortening the cavity in
the direction of beam travel. However, unless the beam
geometry is altered, this reduces the number of mole-
cules in the cavity at any one time and hence reduces
the power emitted by the molecules. Unless the cavity
losses are cut proportionately, the available gain is
thereby reduced and the noise figure increased. One way
to maintain a high number of molecules in a shortened
cavity is to use multiple beams, but this introduces
serious problems of pumping and obtaining a high
cavity Q. Gain can also be traded for increased band-
width by increasing the coupling of the cavity to the
waveguide (reducing the loaded Q). The bandwidth
can be increased by either method without loss of gain
if the beam flux can be increased. Oscillator power can
also be increased by increasing the flux. Considerable
effort is being made to improve gas sources to increase
beam densities.

There are several other practical problems in con-
nection with the Maser that are receiving attention.
Improvement of focusing methods is one. Also, since
molecules must pass from the source through the focuser
and cavity without colliding with other molecules, a
high vacuum is needed, and various improved pumping
schemes are under consideration. With its high spectral
purity and its frequency basically determined by molec-
ular properties, the Maser should provide a good atomic
frequency standard. However, the exact frequency of
oscillation can be “pulled” slightly by the resonant
cavity or by stray fields. Various methods of eliminating
or allowing for such pulling effects are being studied.
Finally, the question of the tunability of a Maser ampli-
fier arises. As seen above, the energy separation of the
two states, and hence the molecular transition frequen-
cy, can be altered by an electric field. A magnetic field
can have a similar result. However, problems of uni-
formity of tuning field (and degeneracy-splitting effects)
make it practically impossible to change the reso-
nance frequency more than a megacycle by these
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methods; the molecular beam Maser is essentially un-
tunable.

B. Hot Grid State Separator

Another type of molecular amplifier is the “hot grid
cell” devised by Dicke.?! The way a gas is maintained in
an emissive condition in this device can be seen with
reference to Fig. 10. Fig. 10(a) is a schematic cross sec-
tion of one configuration of such a device. The micro-
wave structure consists of a plane parallel plate wave-
guide, the plates being labeled “cold wall” and “hot
wall” for a reason that will shortly become clear. The
microwave fields are assumed to be in the form of a
wave propagating between these conducting plates and
into the plane of the paper. Adjacent to the hot wall is
a grid of fine wires parallel to the hot wall and each
other, and maintained at a high voltage with respect
to the hot wall. This produces a region of intense elec-
trostatic field around the wires and along the hot wall.
In the following, it is assumed that the grid is complete-
ly transparent to gas molecules, to simplify the dis-
cussion. This clearly is only an approximation. However,
by heating the grid structure itself, it becomes an
“equivalent hot wall” and itself behaves as the actual
hot wall. The region between the walls is filled with a
gas, such as ammonia, that has a Stark effect as shown
in Fig. 6, and is at a pressure such that the mean free
path for gas-gas collisions is several times the distance
between walls. Such collisions can thus be neglected.
Fig. 10(b) shows the distribution of electric field strength
in the cell; Fig. 10(c) is a plot of internal energy of a
gas molecule as a function of position in the cell for
molecules in the upper and lower of the two energy
levels of interest. It is seen that in the bulk of the cell,
between the cold wall and grid, there is no electric field
(other than the microwave field) and the two energy
levels are separated by the usual amount, AW =hv,,
where vy is the frequency of the microwave field at
resonarnce,
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Fig. 10—Temperature, electric field strength, and internal energy
as a function of position across a hot grid separation cell.

Gas molecules that strike the cold wall become “ther-
malized” at its temperature T¢. This means that they
leave the wall with velocities characteristic of a Max-

2 R. H. Dicke, private communication.



308

wellian distribution at T¢, and with a distribution be-
tween the two internal energy levels given by (4), with
T=T¢. Thus the class of molecules moving toward the
right after striking the cold wall contains more mole-
cules in the lower energy state than the upper, and has a
net absorptive effect. As the molecules move toward
the hot wall, those in the upper energy state see a re-
pulsive barrier in the region of high electrostatic field
and tend to be reflected back toward the cold wall.
Molecules in the lower state are attracted into the po-
tential energy well along the hot wall [Fig. 10(c)] and
hence strike the hot wall (or hot grid structure).

The height of the repulsive barrier seen by the up-
per state molecules depends on the strength of the elec-
tric field; however, with a Maxwellian distribution of
velocities, some upper state molecules will possess suffi-
cient kinetic energy to surmount the barrier and strike
the hot wall, regardless of barrier height. The molecules
that are reflected back to the cold wall form a second,
smaller class of molecules; this class, composed as it is
of upper state molecules only, is strongly emissive.

A third group of molecules consists of those leaving
the hot wall and returning to the cold wall. These
molecules leave the hot wall in equilibrium with it at
its temperature Ty. However, the energy difference
AW, between the two states in the strong field at the
wall is much greater than AW=h»,, and so, by (4),
many more molecules leave the hot wall in the lower
energy state than in the upper. Now it is the lower
state molecules that have to surmount a Stark field
barrier to return to the cold wall, while the field acceler-
ates the upper state molecules in their return journey.
The net result is that this third group of molecules,
containing both upper and lower state molecules, is
absorptive; i.e., has a higher density of lower than of
upper state molecules in it.

The net effect of these three groups of molecules de-
pends on T¢, Ty and the height of the electrostatic
field barrier. If T¢= T}y, the gas in the field-free region
between the “cold” wall and grid is in thermal equilib-
rium with the walls, and hence is absorptive, regard-
less of the high-field region. However, if the tempera-
ture of the cold wall is lowered, T¢< Ty, two effects
occur. One is that the proportion of molecules in the
lower state leaving the cold wall increases, by (4). This
is a relatively unimportant effect. Lowering T¢ has the
more significant result that the kinetic energies of the
molecules leaving the cold wall are reduced, and more
of these slower molecules are reflected at the field bar-
rier, increasing the number of molecules in the emissive,
reflected class. Raising the hot wall temperature 7'y has
a similar result, for different reasons. By increasing
T'u, more molecules leaving the hot wall are in the upper
energy level [from (4)]. There is also the result that
the molecules returning from the hot wall are speeded
up by raising Ty, and since this is an absorptive class
of molecules, by thus decreasing their transit time to
the cold wall, their density, and hence absorptive effect,
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is reduced for a constant molecular flux. The net result
can be that, for suitable T¢, Ty, and field barrier height,
the gas is maintained in an emissive condition in the
main part of the cell.

An exact analysis of such a grid cell is exceedingly
difficult, as it depends on suitable averages to determine
such parameters as the “effective field barrier height,”
a spatial average over the inhomogeneous field produced
by the grid structure. However, estimates indicate
that the “excess population,” (N;—N;), can be of the
order of one per cent of the total number of molecules
for temperatures of the order T¢= —100°C, Ty = 200°C,
and fields produced by appropriate grid structures at
15-20 kv voltages. This corresponds to a gain coefficient
(13) of the order of @=~10—% cm~1. This is too small to
make a nonresonant waveguide amplifier practical:
an amplifier many meters long would be required to
produce useful gain. It is nevertheless large enough to
make a low-noise amplifier possible using a resonant
cavity type of microwave structure; as seen above,
with a cavity amplifier, the gain can be made arbitrarily
large (with an unavoidable loss of bandwidth).

It might be expected that transit time effects across
the cell would determine the amplification bandwidth.
This however is not the case. For satisfactory operation
of the cell, a rectangular cell cross section is desirable.
To make a very low loss cavity with this geometry, one
several wavelengths long is required. In this case,
Doppler effects cannot be neglected, and indeed pro-
vide the dominant broadening mechanism. For am-
monia as the active gas, the Doppler-determined
molecular line breadth is of the order of 50 k¢, about
an order of magnitude larger than for a beam-type
Maser. This greater bandwidth is accomplished without
loss of gain, despite the small fractional upper state
enrichment, by the much higher molecular densities
achieved with the hot-grid cell compared with the
molecular beam Maser.

The Maser, with its narrower bandwidth, is expected
to be much more stable as an oscillator than the hot-
grid cell. Thus, for frequency standard applications
the beam type of device is to be preferred. On the other
hand, the hot-grid cell can be operated as a sealed-off
device without the continual supply of gas and its sub-
sequent removal as in a beam amplifier.

The efficiency of a hot-grid cell is low. In addition to
the loss taken to preserve linear operation, the thermal
losses as the molecules travel from hot wall to cold
are enormous relative to the microwave energy conver-
sion. (Here again, as in the beam Maser, the internal
energy comes from the thermal energy of the cell walls.)

An amplifier operative on the hot-grid state separa-
tion principle is under active investigation at RCA
Laboratories at the present time.

C. Pulse Inversion

One of the methods of achieving an emissive state
discussed above is essentially a continuous process,
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i.e., the hot-grid cell. The other, molecular-beam sepa-
ration of states, while separating the exciting region
from the utilization region, nonetheless uses a continu-
ous flow of gas to achieve effectively cw operation.
There are, however, other means of exciting a molecular
system that are distinctly pulse-operation approaches.
“Pulse inversion of states” is one of these. From (6)
it follows that if a system is exposed to a pulse of micro-
wave power on resonance (¥ =w,) of such strength and
duration that

pET
o

(24)

l\.‘alv—t

molecules originally in the lower state will be raised to
the upper state and vice versa; 1.e., the state populations
will be inverted. Thus, such a pulse transforms an ab-
sorptive system into an emissive one. The pulse duration
must be short compared to the relaxation times, or com-
plete inversion is not achieved. This isnot a serious limi-
tation, however, as with readily available powers, pulses
of under a microsecond duration satisfy (24). Two con-
ditions are critical in this method of obtaining an emis-
sive state: 1), if the pulse frequency is off resonance,
complete inversion will not be obtained [see (6)], and
2), the product of pulse strength and duration must be
accurately adjusted.

An amplifier can be made by putting a molecular
system in a suitable microwave structure such as a
resonant cavity and exciting it with an inverting pulse.
For a period of time given by the relaxation processes,
the cavity with its emissive loading will amplify micro-
wave signals incident upon it in a frequency bandwidth
corresponding to the gain bandwidth of the amplifier.

This excitation method offers the possibility of
relatively high efficiency, on a molecular basis, if a sys-
tem with T,>>T is used, and some time-dependence of
the amplifier gain is allowed. Apart from resistive losses
in the microwave structure, much of the energy supplied
in the excitation pulse can be re-extracted in the ampli-
fication period. However, if the power requirements of
the electronic devices needed to generate and control
the inverting pulses are included in the calculation,
even this excitation scheme results in low efficiency.

Such a device has obvious faults as an amplifier. It
only amplifies for a fraction of the time, and is non-
amplifying in the excitation and the “thermalization”
period in which equilibrium is again attained before the
next inverting pulse. The gain is therefore periodically
varying. If the device operates at room temperature,
the noise figure cannot be better than 3 db, from (23).
This can be improved by going to low operating temper-
atures; at liquid helium temperatures, the minimum
noise figure is under 0.1 db. A serious fault of this meth-
od of achieving state-population inversion is that it
depends on a critical adjustment of frequency and pulse
strength and duration. Means of overcoming these
difficulties will be discussed in connection with a second
pulsed method of obtaining an emissive state.
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D. Inversion by Adiabatic Fast Passage

Bloch™ has shown that spin systems in a static mag-
netic field can be inverted by what is called adiabatic
fast passage. His results can be generalized?? to show
that state populations in an arbitrary two-level system
can be inverted by a similar technique. In adiabatic
fast passages, the molecular system is subjected to a
strong microwave field of amplitude E and variable
frequency. The frequency of this field starts far off
resonance and is slowly swept through the resonant fre-
quency until it is far off resonance on the other side.
When this has been done, the state populations are
inverted. Three conditions must be met for this to occur:

1) The passage must be adiabatic; that is, the fre-
quency must be changed slowly compared to the inter-
nal motions of the molecule in response to the driving
field E. This condition can be expressed as

D 222
dat h

2) The passage must be fast compared to the relaxa-
tion time; the time 7, required to sweep the frequency
from one side of resonance to the other must be short
compared to the relaxation time 7, of the system.

T, K Ty

3) The driving field E must be larger than the maxi-
mum radiation field of the system. During the passage
through resonance, the molecular system develops an
oscillating dipole moment; the maximum radiation field
of this moment must be smaller than the driving field
or population inversion cannot be achieved.

A physical explanation can be given for each of these
requirements. In an adiabatic fast passage, the molecu-
lar system goes through a series of quasi-stationary
states. If the sweep rate is too large, the system cannot
follow the changes adiabatically, and nonstationary
states, such as are responsible for pulse inversion, are
induced. The second condition merely assures that the
inversion is completed before the competing relaxation
processes can restore the system to thermal equilibrium.
The third condition arises because the radiation field
and driving field become out of phase as they approach
each other in magnitude, and at equality of magnitudes,
they just cancel each other in their effects.

Two other points of importance should be mentioned.
One is that it does not matter in which direction the
frequency sweep traverses the resonance: the initial
frequency can be either above or below the resonant
frequency. The second is that, if the resonant frequency
of the molecular system can be altered by the applica-
tion or change of an applied electric or magnetic field,
for example, the inversion can be achieved by keeping
the frequency of the applied microwave field fixed and
sweeping the resonant frequency from one side of the
applied frequency to the other.

22 S. Bloom, private communication.
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Adiabatic fast passage has two major advantages
over pulse inversion as a method of achieving an emis-
sive state: it is not necessary to control the frequency
of the microwave exciter source accurately, and the
exact duration and time dependence of the frequency
sweep are similarly uncritical. The other difficulties of
pulse inversion enumerated above are also met in adia-
batic fast passage. However, as mentioned earlier, most,
if not all, are susceptible to amelioration. Before dis-
cussing this, the characteristics desirable in a molecu-
lar system excited by adiabatic fast passage will be
considered.

From (13), the gain coefficient « increases with the
number of “excess” molecules N and the dipole moment
», and decreases with increasing molecular bandwidth as

PN
* (Bandwidth)

Since amplification bandwidth is at a premium, it is
clear that systems with a large “excess” population are
desirable: if state population inversion is to be used, a
large excess at thermal equilibrium is wanted. From
(5a), Ny—N,=N tanh (hv/2kT), a large excess can be
obtained in two ways, by increasing the molecular den-
sity or by going to lower temperatures.

Low temperatures are also desirable from a noise
figure point of view, as is seen by considering (23).
Neglecting guide losses,

JVz hll
Foin =1+ —>~—~
Ny — N1/ Py,

Starting from a state of thermal equilibrium at a tem-
perature of the molecular system Tnoee, after state

inversion
N, Iw
NP <+ kTmle)
and
N kT wmoteo
Ne— N1 o .

The noise figure is referred to room temperature T,
Pyg = kT,
and

Tlnolec

Fpin =
T,

1+

(25)

Thus noise figures of under 3 db can only be achieved
by lowering the temperature of the molecular system:
at dry ice temperatures, Tmotee =194°K, Finin=2.3 db,
at liquid nitrogen temperatures, Tmotec = 77°K, Fmijn=1.1
db, while at liquid helium temperatures Tmoteo=4°K,
Frnin=0.06 db.
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The desirability of both low temperatures and high
densities points toward use of a solid molecular system.
However, a~p? argues for a gas, where electric dipole
transitions with $~10-18 are available, and against a
solid, where only paramagnetic resonance for which
p~10~% appears to provide sufficiently long relaxation
times. Relaxation times in a gas of useful density are
short, however, making the sweep technique of adiabatic
fast passage very difficult to apply. Turning then to a
solid (or liquid), the problem of finding a molecular
system with a usably long relaxation time arises. For-
tunately, systems are known with spin-lattice relaxation
times of the order of many seconds.?® These are systems
of paramagnetic electrons localized on donor atoms in
a silicon lattice. The donor atoms whose relaxation
times have been measured include Group V elements
(P, As, Sb) and lithium. The relaxation times vary with
temperature and donor concentration, but for concen-
trations less than 10'-10'® donors per cubic centimeter
and at liquid helium temperatures, T; is of the order of
a minute. Thus suitably doped silicon at liquid helium
temperatures presents a high density, long relaxation
time material suitable for making a low-noise amplifier®
excited by adiabatic fast passage.

A possible amplifier using adiabatic fast passage
excitation might consist of a doped-silicon sample in a
microwave cavity in a helium cryostat located between
the poles of an electromagnet. (See Fig. 11 opposite.)
The time variation of the (dc) magnetic field H for such
an amplifier is shown in Fig. 12. At point 4, the sample
is in thermal equilibrium with its surroundings in a mag-
netic field H4. From 4 to B, the magnetic field is swept
through Hg, which is the resonant field at the exciter
microwave field frequency. This adiabatic fast passage
inverts the spin state populations, leaving the sample
in an emissive condition. From B to C, the field is kept
constant at Hp, and the device acts as an amplifier of
microwaves at the frequency

v = vyHp = 2.8Hp mc.

At C, the field is abruptly returned to H,, reaching Hy
at D. Amplification at the frequency » ceases, and the
system is allowed to come to thermal equilibrium with
its surroundings in the field H,. Thermalized again at
A’, the cycle is repeated. This cycle produces a pulsed
amplifier, with an amplification period from B to C and
a dead-time, during which it is re-excited, from C to B’.

At first thought, it would seem that the dead-time
C-B’ would greatly exceed the active time B-C, since
a time D-A4' long compared to T is required for the

2 G. Feher and R. C, Fletcher, “Relaxation effects in donor spin
resonance experiments in silicon,” Bull. Amer. Phys. Soc., vol. 1,
p. 125; March 15, 1956 (Pittsburgh Meeting).

% ], Combrisson, A, Honig, and C. H. Townes, “Utilisation de la
résonance de spins électroniques pour réaliser un oscillateur ou un
amplificateur en hyperfréquences,” Compt. Rend., vol. 242, pp. 2451—
2453; May 14, 1956.
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Fig. 11—Low-temperature paramagnetic amplifier.
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Fig. 12—Magnetic field vs time for a paramagnetic amplifier excited
by adiabatic fast passage. Hp is the field during the amplification
period, Hg the field at which the molecules are resonant at the
exciter field frequency, and Hy the field at which thermalization
occurs.

sample to reach thermal equilibrium. Fortunately, how-
ever, with a doped-silicon sample something can be
done to shorten D-A’ drastically. The long relaxa-
tion time (~1 minute) of this material at liquid helium
temperatures is associated with the fact that the para-
magnetic electrons are bound in the Coulomb-type
potentials surrounding the donor atoms and that there
are no free (conduction) electrons in the sample. If the
sample (at liquid helium temperature) is illuminated
with visible light, free carriers are released and T3 is
reduced to the order of a microsecond. A flash of light
can thus shorten the required time for thermalization
D-A4’ to a few microseconds. With an adiabatic sweep
time A-B of a few milliseconds and an amplification
time B-C of several seconds, it is seen that a nearly
continuously amplifying device can be made. (It should
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be mentioned that by exciting the sample externally
to the amplifier cavity, and providing a continuous
“flow” of excited material through the amplifier, a
truly steady state, or continuous amplifier can be ob-
tained.)

The power available from the molecular system after
excitation is given by

Ax2N p2wT o H, 2
-
h

Pemisnion =

where N is the excess number of spins in the upper state.
The spectral line width is about

(Bandwidth) = -

1rT2

Making the resistive losses in the cavity less than the
emitted power by using high spin densities, using sam-
ples with sufficiently long T, and using a high-Q cavity,
a high-gain cavity amplifier can be obtained.

The molecular bandwidth associated with the doped-
silicon samples discussed above is several megacycles,
indicating a T of less than a microsecond. This is radi-
cally lower than T,~60 seconds. The difference is
caused by magnetic interactions between the para-
magnetic spins, and between these spins and other mag-
netic dipoles in the sample (nuclear moments). These
interactions dephase the electron spin-radiation field
interaction, and hence broaden the resonance, but do
not provide a means of exchanging energy with the
crystalline lattice, and hence do not shorten 7. By
removing some of the dephasing nuclear moments and
replacing them with nonmagnetic isotopes, T2 can be
increased and hence the molecular emission power
increased, at, of course, a sacrifice of some amplifica-
tion bandwidth.

The energy input in adiabatic fast passage comes from
two sources: the high-level microwave exciter field, and
(possibly) the energy associated with the magnetic
moment of the system if the applied field is varied. With
available cavity Q’s, the losses from the exciter field
are far greater than the microwave energy obtained in
amplification, and so the efficiency of this system is low.

E. Multilevel Excitation Methods

The methods of achieving an emissive state discussed
thus far have dealt with molecular systems where only
two energy levels were significant.® There are other
ways of obtaining an emissive state if one considers
multilevel schemes and admits the possibility of one or
more exciter frequencies different from the amplification
frequency. Several possibilities for three-state systems

% In these two-level systems, other levels are of practical impor-
tance in determining the fraction of the total molecules in the system
in the two levels of interest.
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have been discussed by Basov and Prokhorov.?® One
basic approach with a three-state system can be seen by
reference to Fig. 13. In one embodiment [Fig. 13(a)],
the upper pair of states 2) and 3) are separated by the
microwave frequency desired to be amplified, vy3=v,j,.
Energy states 1 and 3 are also coupled by a radiation
field, of frequency v;3 =vex. At thermal equilibrium, there
are more molecules Ny in state 1 than in either state
2, Naeq, Or state 3, Noq; in fact,

Vleq > N2eq > N3eq-

(3) (3)
y :
Vo3© Vsig Vo3
¥ ¥
I (2} (2)
' !
|
Vl3 Vex Vla VI3 Vex Vla Vsig

1

1

|

1

|| () ()
(a) (b)

Fig. 13—Energy level diagram illustrating multilevel
excitation methods.

If the resonance at vex =13 is saturated, however, this
situation is altered. Here “saturated” means that the
radiation field at frequency »y3 is so large that the effects
of induced transitions completely override relaxation
effects and the two states become equally populated.
Saturating the transition at »;; results in increasing the
population N; of state 3. If this results in N3>N,, a
steady state emissive condition is obtained. It must be
noted that relaxation effects, despite the strong rf field
at »13, may be very important in the final effective state
populations attained. For example, if the relaxation
mechanisms bringing the state populations N; and N,
into thermal equilibrium are very weak, while those
thermalizing N, and N, are strong, as state 1 is depopu-
lated by the radiation, the relaxation mechanisms will
transfer molecules from state 2 to state 1, in an attempt
to maintain the equilibrium Ny/N; ratio. This will make
the effective IV, less than that corresponding to a condi-
tion of thermal equilibrium for the whole sample. It is
clear that with a complicated system of levels and relaxa-
tion effects, many variations on this theme are possible.
An obvious one is shown in Fig. 13(b): here the v;
transition is again saturated, but a fast relaxation be-
between states 3 and 2 together with a weak relaxation
mechanism between states 1 and 2 now makes N,> N;
and amplification occurs at a frequency vgig=ra.

% N. G. Basov and A. M. Prokhorov, “Possible methods ¢t ob-
taining active molecules for a molecular oscillator,” J. Exper. Theore.
Phys. USSR, vol. 28, pp. 249-250; February, 1955.
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This general method of achieving an emissive molecu-
lar system can have the exceedingly desirable feature of
combining the high molecular densities available in a
solid with the continuous excitation of the gas devices
discussed, by using a solid with appropriate energy levels
and relaxation times. Some practical problems are posed
by this excitation method, however. Since excitation
is a continuous process, the same cavity must be used
for both excitation and amplification. This means a
cavity simultaneously operating in two modes, at two
frequencies. Furthermore, the modes must be chosen
so that, insofar as possible, regions of strong field for
the excitation processes and regions of strong interac-
tion for the amplification process coincide. This require-
ment cannot be met completely, of course, due to cavity
mode orthogonality. However, with small sample sizes,
this is a minor problem. If the amplifier operates at
liquid helium temperatures, the heating effects of the
saturating exciter field must also be considered. As in
excitation by adiabatic fast passage, the presence of a
strong exciter field with its relatively high losses makes
multilevel excitation methods have low efficiency.

Multilevel methods of excitation open up another
possibility of achieving low-noise amplification without
resorting to low temperatures. Neglecting guide losses,
the noise figure can be written (25),

Tmolec

F=1+

Y
0

where T ot is the “internal temperature” of the molecu-
lar system, defined by (2). With excitation methods that
exchange, or invert, state populations, a Tmoteo < Ts can
only be achieved by physically cooling the molecular
system (T is defined to be room temperature). With the
multilevel excitation scheme of Fig. 13, however, if the
spin-lattice relaxation time T, coupling states 1 and 2
is very much shorter than the relaxation time T3 cou-
pling states 2 and 3, the internal temperature for the
amplifier resonance between 2 and 3 is given by

14
Tmolee = (£> X (Actual amplifier temperature).

V12

If vy5 is sufficiently below »y,, the actual amplifier tem-
perature can be room temperature and low-noise figures
can still be obtained.

A major problem associated with this multilevel
excitation method is in finding a suitable molecular
system. The requirements are rather stringent: 1) the
system must have three levels as shown in [Fig. 13, with
separations so that vex occurs at a frequency where
oscillators of reasonable power exist, and so that v, is a
desirable amplification frequency; 2), the selection rules
must permit the transitions at »;3 and »s3 to be induced
by radiation; 3), the relaxation time T3 must be long
enough to permit saturation of the excitation resonance;
4), the relaxation time T3 must be considerably greater
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than 7,2; 5), molecular densitics must be high enough
so that the molecularly emitted power exceeds the losses
at the signal frequency. Requirement 4) can be expressed
mathematically by

Ty > To <Nzeq = Nseq> <Nleq + Ngeq>

ZV2eq + Nieq Arleq - ZVZeq

where N.q is the population of the 7th level under con-
ditions of thermal equilibrium (with no microwave
fields present).

Fulfilling all five above requirements can only be
done using very special systems. Such systems can be
found in the energy level spectra of certain paramag-
netic transition metals, using suitable compounds to
achieve desired crystalline field splittings of otherwise
degenerate energy levels. Work on an amplifier using
multilevel excitation is being undertaken at Harvard
University and elsewhere.?

F. Optical Pumping

Still another way to achieve an emissive state utilizing
several energy levels is known as “optical pumping.”?8
In “optical pumping,” the system is illuminated with
suitably polarized light of a wavelength corresponding
to an optical transition of the molecules. The absorp-
tion of this polarized light, and subsequent spontaneous
emission of umpolarized light can result in a rearrange-
ment of molecules among a group of states so that those
in two states connected by a microwave transition are
in an emissive condition. To see this in more detail,
consider an atom (molecule) with the (partial) energy
level system shown in Fig. 14. There are two sets of
energy levels of interest: the upper set consists of five
degenerate levels and is separated from the lower set of
three degenerate levels by an “optical transition” (»
=10™" to 10 sec™!). The levels are designated by the
quantum numbers F and M. F is the total angular
momentum of the atom, in units of x/2m, about the
Z axis, and Mp is the component of F along the Z axis.

Consider what happens to an atom that absorbs a
photon from a beam of circularly polarized light travel-
ing in the Z direction. Such a photon carries a Z com-
ponent of angular momentum of one unit and one unit
of total angular momentum. Assume the sense of polar-
ization is such that the photon has an effective M, = +1.
Then the selection rule for absorption isAMpg=+1, and

27 N. Bloembergen, “Proposal for a new type solid state Maser,”
Phys. Rev., vol. 104, pp. 324-327; October 15, 1956.

H. E. D. Scovil, C. Feher, and H. Seidel, “The operation of a solid
state maser,” (to be published).

28 A Kastler, “Quelques suggestions concernent la production
optique et la détection optique d’une inégalité de population des
niveaux de quantification spatiale des atoms,” J. Phys. Rad., vol. 11,
pp. 255-265; June, 1950.

J. Brossel, A. Kastler, and J. Winter, “Création optique d’une
inégalité de population entre les sous-niveaux zeeman de I’état fonda-
mental des atoms,” J. Phys. Rad. vol. 13, p. 668; December, 1952,

W. B. Hawkins and R. H. Dicke, “The polarization of sodium
atoms,” Phys. Rev., vol. 91, pp. 1008-1009; August 15, 1953.
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an atom originally in the F=1, Mr= —1 state gocs into
the F=2, Mr=0 state upon photon absorption. Atoms
in the upper set of levels are highly excited, however,
and re-emit a photon spontaneously in about 10-8
seconds. This photon is generally unpolarized, as the
selection rule for spontaneous emission is AMz= +1 or
0. This is indicated for the F=2, Mr=0 state on Fig.
14. It is seen that after a complete cycle of absorption
and re-emission, an atom originallyin the F=1, M= —1
state can be in any of the three F=1 states. An atom
that was initially in the F=1, M= 41 state, however,
must remain in the same state after a cycle, as the only
transition possible in reemission is the AMr= —1 one.

EXCITED P-STATE LEVELS
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Fig. 14—Schematic energy level diagram showing optical transitions
as used in “optical pumping.” Mp is the component of total angu-
lar momentum F along the axis of the system.

It can therefore be seen that illumination of the system
with polarized light can result in an effective depopula-
tion of some levels (F=1, Mr= —1 in the case above)
and an increase in population of others (F=1, Mp= +1
above). If a state that is increased in population is also
coupled by a microwave transition to a lower state (as
shown in Fig. 14), an emissive condition may be main-
tained with respect to these two levels. Such a gas of
atoms could be used in a suitable microwave structure
as an amplifying or oscillating medium.

There are several practical difficulties besetting the
utilization of this method for obtaining a molecular sys-
tem in an emissive condition. First, a molecule or atom
having a suitable energy level scheme must be found.
The alkalai metal vapors and atomic hydrogen fulfill
this requirement; the optical transition is between the
%Sy12 atomic ground state of the atoms and the first
excited P state, while the hyperfine structure of the
ground state provides the microwave transition. Vapor
pressures, which determine available gas densities, and,
in the case of atomic hydrogen, recombination processes,
must also be considered. If the optical transition is in
either the near infrared or the ultraviolet, polarization
difficulties may arise.
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In the above description of the “optical pumping”
process, several simplifying assumptions were made.
One was that the absorption process could be considered
to go between an initial state and ome final state. The
upper optical levels are very broad, however, and the
possibility exists of two such states, to both of which
the selection rules permit transitions, “overlapping.”
In this case, complex “interference” effects occur; their
result is that the excited atom “remembers” the angular
momentum absorbed and tends to reemit it again, thus
leaving no net “pumping” effect. It was further implicit-
ly assumed that only one of the two microwave-coupled
levels was optically coupled to the upper optical levels.
Because optical lines are so broad, this cannot be
achieved, and the populations of both of the microwave
levels may be altered by “optical pumping.” It can be
shown, however, that in favorable cases both these
possible sources of difficulty do not prevent an emissive
state from being attained.

A sketch of one practical way in which an “optically
pumped” amplifier might be achieved is shown in Fig.
15. The molecular system consists of rubidium vapor at
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Fig. 15—“Optically pumped” amplifier.

a pressure of roughly 10=® mm Hg. The microwave
transition is between the hyperfine levels of the ground
state, and occurs at 6834.68 mc. The optical transition is
in the near infrared at about 7900 A. This can easily
be linearly polarized using Polaroid sheets. The rubidi-
um vapor is contained in a small glass bulb at the center
of the microwave cavity. Argon at a pressure of about
one mm Hg is also in the bulb. This increases the dif-
fusion time of the rubidium vapor to the walls of the
bulb, and effectively eliminates Doppler effects.?® The
cavity is cylindrical and resonant in the TEgq; mode.
The light, polarized along the cavity axis, is incident on
the vapor through circular slots cut in the walls of the
cavity. This can be done without greatly affecting the
Q of the desired resonant mode. The effect of “optical
pumping” on the population of the various hyperfine
energy levels is shown in Fig. 16. At thermal equilibrium,
the states are populated as shown on the upper series of

2 R, H. Dicke, “The effect of collisions upon the Doppler width
of spectral lines,” Phys. Rev., vol. 89, pp. 472-473; January 15,
1953.
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energy levels. After each atom has absorbed and re-
emitted an optical photon, the distribution is as shown
on the lower series of levels. It is clear that for the three
AMp=0 transitions, the system after “pumping” is
highly emissive, and in fact corresponds to the very
low negative internal temperature Tpmolee=0.12°K,

Mp=-2 -1 o +1 +2
.999 .999 .999 .999 .999
F=2 ’
6834
. MC
el 1.000 1.000 1.000
RELATIVE STATE POPULATIONS BEFORE
PHOTON ABSORPTION
.706 1147 1.294 1.147 .706
F=2
6834
MC
Fel .952 .098 .952

STATE POPULATIONS AFTER EACH ATOM HAS
ABSORBED AND RE-EMITTED ONE OPTICAL PHOTON
{SAME NORMALIZATION AS ABOVE)

Fig. 16—Effect of “optical pumping” on the state populations of the
magnetic substates of the hyperfine levels of the ground § state
of rubidium vapor. F is the total angular momentum of an atom
and Mp its component along the axis of the system,

The major weakness of amplifiers based on this exci-
tation method is a quantitative one. It seems necessary
to go to a gaseous system to find a molecular energy
level scheme that is suitable. Furthermore, the density
of the active gas must be relatively low, as indicated
above, or “light trapping” occurs; that is, the optical
photon re-emitted by one excited atom is reabsorbed by
another before it can “escape” from the gas. Since the
re-emitted photon is unpolarized, its reabsorption tends
to “unpump” the atom absorbing it. Thus the total
“excess population” N is very low. Also, at least in the
molecular systems listed above, the microwave transi-
tion is a magnetic dipole one, with the accompanying
low dipole moment p.

Because of these factors, to get amplification it is
necessary to make the bandwidth extremely small. For
this reason, optically pumped amplifiers may be limited
to applications where this is an advantage: high spectral
purity oscillators and frequency standards. A frequency
standard, or “atomic clock” using optically pumped
rubidium vapor is under study at Princeton University.3¢
The expected molecular bandwidth of this rubidium
amplifier, with its utilization of a “buffer gas” to elimi-
nate Doppler effects, is of the order of 100 cps. Since the

¥ [ am indebted to Dr. T. R. Carver of Princeton University for
permission to quote the results of calculations on this device that he
has made. The numerical example given in the text is based on his
work.
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amplification bandwidth, or noise-induced frequency
modulation as an oscillator should be much less than
this, a very high frequency stability should be achieved.

The calculation of an “oscillator parameter L” (see
Section III, C) for this device is difficult, as several un-
known factors enter. However, an estimate indicates
that a loaded cavity Q of about 60,000 is required to
sustain oscillations (i.e., for L =1). With the glass bulb
in the cavity and the slots for the admission of the
polarized light, this may be an unattainable Q. Even if
it ultimately so proves, however, such a device will pro-
vide an extremely sharp resonance that can be used for
frequency control purposes.

The efficiency of an optically-pumped amplifier is
very low. Nearly all of the (relatively) huge amount of
energy supplied in the optical frequency range is lost,
either in optical reradiation or in resistive losses to heat
in the cavity.

V. Discussion

The above perhaps gives some idea of the wide variety
of devices and systems covered by the common title of
“molecular amplifier.” While it is believed that the
most promising amplifier schemes now proposed or being
worked on have been included in this discussion, it is
also quite certain that this listing is not a final, defini-
tive one. The wide range of approaches to emissive
states indicated have all been invented or developed
within the past few years, and it seems highly unlikely
that the field is already exhausted of novel solutions to
its problems.

This diversity has in some respects prelcuded a gener-
al discussion of molecular amplifiers and oscillators, and
necessitated separate descriptions for each of the excita-
tion methods and molecular systems. The basic proper-
ties of all molecular amplifiers are quite similar however.
The weakness of the individual molecular interactions
in the microwave region, of the order of 105 to 10—+
electron volts per molecule, argues strongly for the use
of a resonant microwave structure for the region of inter-
action between molecules and radiation. With such a
structure, which includes built-in positive feedback,
gain is of itself no problem: by increasing feedback, i.e.,
cavity Q, any desired gain can be obtained. The prob-
lem of power losses in the microwave structure, on the
other hand, is a real one. Extremely loss-free structures
are needed so that the weak molecular power exceeds
losses by a sufficient margin to permit low-noise opera-
tion.

There are two main sources of noise in a molecular
amplifier: noise due to spontaneous incoherent emission
from the excited molecules, and noise from emission in-
duced by thermal radiation from the microwave struc-
ture.3! The latter can often be reduced by cooling the

8 Additional noise is introduced when the number of interacting
molecules fluctuates in time. This is generally relatively unimportant.
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microwave structure. Despite these noise sources, noise
figures of under 1 db can be achieved, and in many
communications and radar systems where the signal
source is such that the background noise entering the
amplifier is well below thermal noise at room tempera-
ture, this indicates a tremendous increase in sensitivity
over conventional microwave amplifiers with noise fig-
ures in the range 5-15 db.

Low-noise figure is directly related to the spectral
purity when the amplifier is operated as an oscillator.
It was seen that the heretofore unattainable short-term
frequency stability of a few parts in 1012 can be achieved
with the molecular beam Maser, thus opening up new
possibilities for the design of super-stable frequency
standards based on atomic processes. These provide a
standard of frequency at any place on the earth inde-
pendent of astronomical observations, radio-trans-
mitted standard frequency signals, etc.

The power handling capabilities of molecular ampli-
fiers have been seen to be low. In some applications, this
is a definite disadvantage; for example, in military radar
such an amplifier could easily be saturated by a jamming
signal. In other applications, however, the low power
handling ability of molecular amplifiers provides no
serious limitation to their use.

A major problem of molecular amplification, in addi-
tion to that of reduction of losses in the microwave
structure, is that of bandwidth, or, more exactly gain-
bandwidth. As seen above, gain can always be traded
for bandwidth, by using an inhomogeneous Stark or
Zeeman field to broaden the resonance, by increasing
molecular density and hence shortening relaxation times,
or by increasing the microwave coupling to the interac-
tion cavity. However, when the molecular emission
power is spread over a broad bandwidth, the gain and
noise figure worsen. Achievement of a high total avail-
able molecular power therefore is of great importance.
For gaseous molecular systems, molecular densities are
low and bandwidths of a few kilocycles to a few tens of
kilocycles are available. With solid-state devices, band-
widths of megacycles should be obtainable.

In addition to gain, noise figure, and bandwidth,
frequency coverage is of importance. If the amplifica-
tion frequency is determined by internal molecular prop-
erties, such as in ammonia and possibly in some solid
state systems, the frequency is essentially fixed. In some
applications, such as a frequency standard, this is de-
sirable, or at least not objectionable. In case a tunable
amplification frequency is required, a system such as a
paramagnetic spin system where the frequency is deter-
mined by the strength of an applied static field can be
used. An important possibility arises in this case. Since
the excitation frequency is not necessarily the amplifi-
cation frequency, it is possible to generate microwaves
at frequencies higher than those of excitation. This is a
possible approach to the problem of the generation (or
amplification) of millimeter waves. Methods such as
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the molecular beam Maser that do not utilize rf elec-
tromagnetic excitation also offer a possibility for the
generation of discrete frequencies in the millimeter and
submillimeter region, by using transitions between rela-
tively widely separated energy states. Vibrational tran-
sitions and certain rotational transitions, as, e.g., in
ammonia, lie in the far infrared and submillimeter part
of the frequency spectrum and might prove suitable.

Thus molecular amplifiers provide a means of achiev-
ing low noise amplification of microwaves. At present,
bandwidths are quite low, but developments in the
near future should greatly improve this situation. Be-
low microwave frequencies, the gain fall-off with fre-
quency will probably preclude their use; in the milli-
meter and submillimeter range, they offer new possi-
bilities for amplification and generation. Many de-
velopments both in excitation methods and in molecu-
lar systems suitable for use in these devices can be
expected in the near future.

APPENDIX

Consider a molecule with two energy levels, with an
oscillating microwave field E cos (2avt) inducing tran-
sitions between them. If the state function of the mole-
cule is written as a linear combination of pure energy
state functions, as in (1),

v =2 a0, (1

J

then the quantum mechanical equations for the time
dependence of the a;'s are given by :%2
_—= in(n €X Twnl).
g e e P
Here i=+/—1, vju=(W;—W.,)/h, W; is the energy of
the jth state, etc., and Wj,, the juth element of the per-
turbation matrix, is given by

(26)

Wia Ef\lx,-*W\l/,.dv

f\l/,-*(pE cos (2mvt)Yadv

E cos (21rvt)f\lx,-*p\l/,.dv. 27
The integral represents p;,, the strength of the dipole
moment coupling the states j and .

In the two-state problem at hand, (26) and (27) be-
come

da, 2wE cos (2mvt) )

T T [Pual + pi2a2 exp (21rwlzt)]

dt ih

das  2wEcos (2mvt) )

o i (2181 exp (2mivart) + pazas ).
1

2 1. I. Schiff, “Quantum Mechanics,” McGraw-Hill Book Co.,
Inc., New York, N. Y., pp. 189-190; 1949.

PROCEEDINGS OF THE IRE

March

Here p,; indicates the dipole moment possessed by a
molecule when it is in the state of energy W;. Such static
dipoles do not lead to resonant transition effects and
will be neglected; also pi12=ps; =p, in the cases of inter-
est at present, so

da, 2mbE .
— = ———— cos (27vt) exp (2mwivial)a,
dt ih
daz 21I'PE .
— = ——— cos (2mvl) exp (2wivayf)a,.
dt ih
Also, vo1 = —v13 =vp, and defining v=v—v,,
da mpE
— = L {exp [2riavt] + exp [— 2wi(v + vo)t]}az
dt ih
da mpE
7; = PI {exp [2mi(v + vo)t] + exp [— 2ridwt]} ay.
th

The terms with (v4-v,) represent very high frequency
perturbations on the basic behavior of the system. As
they do not lead to any net transition effects over a
reasonable averaging time, they can also be neglected,
leading to

(101 7I'PE .

— = —— exp (2widvi)a,

dt ih

({dz 1I'PE .

— = ——— exp (—2midvl)a,. (28)
dt ih

It can be readily shown that the expressions

IRV
sin N
A

exp (—widwf) sin M

]

ay = exp (widwl) [cos N —
(S

mipE

NN
satisfy (28) if

v= o[+ (25)]"

Furthermore, at t=0 they reduce to
01(0) =1
02(0) = 0.

de =

For such a molecule in energy state 1 at time =0, the
probability that it has undergone a transition and is
in state 2 at time ¢ is:

Transition probability = | a(Z) |2
E 2 E\21/2
G) o e+ ()]

o (PEY
(Av>+(h)

1

which is (6) in the text.
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The Spacistor, A New Class of High-Frequency
Semiconductor Devices”
H. STATZt anp R. A. PUCELY}, MEMBER, IRE

Summary—New devices are considered in which electrons or
holes are injected directly into space-charge regions of reverse-
biased junctions avoiding the diffusion of carriers through field-free
regions. The case considered is one in which the junction is biased at
a voltage such that the injected carriers are multiplied by the ava-
lanche process. A device of this type shall be called a spacistor. It
is shown that negative resistance devices and amplifying devices may
be constructed. The difficulty is the accumulation of the generated
carriers in front of the emitting contact. Experimentally, it has been
found that this accumulation of carriers results in the spontaneous
relaxation-type oscillations of a transistor-like structure operated at
collector voltages greater than the punch-through voltage. It is sug-
gested that the accumulation effect may be diminished by the use of
small emitters and magnetic fields.

INTRODUCTION

HE FREQUENCY range of transistors has been
Textended considerably in the past few years.'=¢ An
investigation was made to determine types of
oscillating or amplifying semiconductor devices which
are, in principle, capable of extending the useful fre-
quency range of transistors to even higher frequencies.
In addition to extrinsic base resistance and the collector
capacity, the a-cutoff frequency essentially limits the
frequency response of a transistor. The a-cutoff fre-
quency can be considered to arise from the finite “tran-
sit time” of a minority carrier through the base region
and the collector space-charge region. The base region
of the transistor is either field free or has a relatively
weak built-in field with a potential drop of 0.1 to 0.2
volts. Thus the “transit time” in present transistors has
been determined almost completely by the character-
istics of the base region. Therefore new devices were
constructed which no longer use the diffusion of minor-
ity carriers through virtually field-free regions.
The first attempt in this direction has been made by
Shockley” with the so-called unipolar field-effect tran-

* Original manuscript received by the IRE, August 28, 1956; re-
vised manuscript received, November 26, 1956.

t Res. Div., Raytheon Mfg. Co., Waltham, Mass.

1'W, E. Bradley, “Principles of the surface-barrier transistor,”
Proc. IRE, vol. 41, pp. 1702-1706; December, 1953.

2], M. Equy “p_N.I-P and N-P-I-N junction transistor triodes,”
Bell Sys. Tech. J., vol. 33, pp. 517-533; May, 1954.

3 H. Kromer, "“Zur theorie des diffusions- und des drifttransis-
tors,” Archiv der Elek. Ubertragung, vol. 8, pp. 223-228; May, 1954,

YH. Statz, W. F. Leverton, and ]J. Spanos “Transistors with an
Exponential Impurity Distribution in the Base Region,” Paper pre-
sented at the AIEE-IRE Semiconductor Devices Res. Conf., Phila-
delphia, Pa.; June, 1955.

8 M. Tanenbaum and D. E. Thomas, “Diffused emitter and base
silicon transistors,” Bell Sys. Tech. J., vol. 35, pp. 1-22; January,
1956.

6 C. A. Lee, “A high-frequency diffused base germanium transis-
or,” Bell Sys. Tech. J., vol. 35, pp. 23-34; January, 1956.

7 \W. Shockley, “A unipolar ‘field effect’ transistor,” Proc. IRE,
vol. 40, pp. 1365-1376; November, 1952.

sistor. [t appears, however, that this device will not
exceed the frequency response of the transistor.® An-
other approach to the same problem made by Shockley?
used the transit time through the space-charge regions
of reverse-biased junctions to obtain negative resistance
in a small frequency interval. This problem has recently
been reconsidered by Read!® who proposes to obtain
negative resistance by the use of the transit time
through space-charge regions in conjunction with the
build-up time of avalanche breakdown. The latter ap-
proaches?!® may result in useful oscillators at a fre-
quency which is of the order of the inverse transit time
of a carrier through the space-ckarge region of a junction
and may, thus, be of the order of 10 mc.

In the present paper, new devices are suggested which
also use processes in space-charge regions of reverse-
biased junctions. However, in all the devices proposed
here, a third injecting contact is made to the space-
charge region. Only devices will be considered for which
the junction is biased with a voltage high enough so that
avalanche multiplication takes place to an appreciable
extent. A device using these principles shall be called a
spacistor. Two possible geometrical arrangements will
be discussed in detail. In the first, an injecting “point”
contact is made into the space-charge region of a re-
verse biased p-n junction. In the second, a transistor-
like structure is discussed. The base region has a width
such that the collector space charge extends to the
emitter junction or “punches-through” at a voltage
which is near the avalanche breakdown voltage.

It has not yet been possible to construct the former
device successfully; however, extensive experimental
studies have been made of the latter structure. From
these studies it became apparent that there is a tend-
ency for carriers generated by the avalanche multiplica-
tion mechanism to accumulate in front of the injecting
emitter and, thus, greatly alter the space charge there.
This accumulation results in relaxation-type oscillations
when the injecting contact is biased with a high resist-
ance source. It may be possible that use of a small
emitter in conjunction with a magnetic field in the base
will eliminate the carrier accumulation and thus prevent
the undesired oscillations.

8 G. C. Dacey and I. M. Ross, “The field-effect transistor,”
Sys. Tech. J., vol. 34, pp. 1149-1189; November, 1955.

? W. Shockley, “Negative resistance arising from transit time in
semiconductor diodes,” Bell Syst. Teca. J., vol. 33, pp. 799-828; July,
195;1‘" W. T. Read, Jr., “A Proposed High-Fre uency, Negative Re-
sistance Diode Usmg Breakdown and Transit ime,” Paper given at

AIEE-IRE Semiconductor Devices Res. Conf., Purdue Univ., La-
fayette, Ind.; June, 1956.

Bell



318

A NEGATIVE RESISTANCE DEVICE

A p-n junction with an applied reverse bias is shown
in Fig. 1(a). The p-type region is considered to be
doped the more heavily of the two so that the space
charge extends mainly into the n-type region. If the
doping in the #n- and p-type region is uniform, then a
plot of the potential is distributed parabolically as a
function of distance on either side of the junction. In
Fig. 1(b), the potential distribution in the space-charge
region is shown for two applied voltages V; and V..
Next, consider a small p-type contact situated in the
space-charge region as shown in Fig. 1(a). This contact
will be referred to as a “bond.”

p-TYPE BOND
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Fig. 1-—(a) Negative resistance device, and (b) potential
distribution in space charge of junction.

If this bond is electrically open-circuited, then it will
essentially assume the potential that exists in the space-
charge region immediately under it. However, if the
small bond region is biased positively with respect to the
potential in the underlying space-charge region, holes
will be emitted into this region. Since the geometry of
the device is not one-dimensional, a calculation cannot
be carried out readily; however, it is expected that the
emission of holes is “space-charge limited” and qualita-
tively similar to the one-dimensional case.!! If the small
p-type bond is biased negatively with respect to the po-
tential of the underlying space charge, no emission of
holes will take place. Some holes which are generated
thermally in the #-type region within a diffusion length
of the junction and which flow through the space-charge
region will be collected by the small bond.

Suppose that the p-type bond is connected in series
with a battery to the p-region as indicated in Fig. 1(a).
The voltage of the battery is chosen such that the bond
has a potential as indicated in Fig. 1(b). For the lower
applied voltage V}, the bond emits holes into the space-
charge region; for the higher applied voltage V. no
holes are emitted. In the following discussion only the
emitted current will be considered. A sketch of the de-

11 W, Shockley and R. C. Prim, “Space-charge limited emission in
semiconductors,” Phys. Rev., vol. 90, pp. 753-758; June, 1953.

G. C. Dacey, “Space-charge limited hole current in germanium,”
Phys. Rev., vol. 90, pp. 759-763; June, 1953.
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pendence of emitted bond current on applied voltage V
is shown in Fig. 2(a). Applied voltages which are less
than the bond bias voltage are not of interest here. This
voltage region is marked by a shaded area in Fig. 2. In
this case, holes will not only flow to the p-side but will
also be emitted into the n-region. In the n-region there
is virtually no field and the holes will diffuse and recom-
bine. This diffusion process is a relatively slow one.
However, consider the situation when the applied volt-
age exceeds the bond bias. Obviously, with no avalanche
multiplication, the emitted hole current will not cause
any additional current to flow through the terminals
across which V is applied. A current can be induced in
this circuit only if the emitted holes create electron-hole
pairs at the junction. The electron-hole pairs are sepa-
rated by the field of the junction, and a current flows.
The magnitude of this current is

I = (m - l)IBonda (1)

where m is the avalanche multiplication factor and
IBong is the current emitted by the bond. The multipli-
cation factor is not necessarily the same as in the
isolated junction since the bond distorts the field. The
electric field in the vicinity of the junction will depend,
to an appreciable degree, on the voltage applied to the
bond which, of course, is independent of the applied
voltage V. Therefore, the variations of m with applied
voltage are expected to be smaller when the bond is
biased than when it is not. Thus, the diode current
characteristic will be as indicated in Fig. 2(b); there
may be a maximum in the I, V curve as indicated by the
dashed line. It is, however, difficult to predict the exact
shape of the curve without a detailed calculation.
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Fig. 2—(a) Bond current as a function of applied voltage V.
(b) Diode current as a function of applied voltage V.

It can be stated, quite generally, that there must be a
negative resistance region because the current emitted
by the bond becomes zero at a certain voltage; and thus,
the induced current also becomes zero. The small cur-
rent still lowing at the minimum of the I, V curve is the
multiplied saturation current of the junction. If the
applied voltage is increased to even higher values, the
junction eventually breaks down. Devices with nega-
tive resistance regions may be used as high-frequency
oscillators. Also, bistable devices for high speed switch-
ing can be built.
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Consider the size of a typical space-charge region.
Suppose the avalanche-breakdown voltage occurs at
200 volts. This implies, for example, in germanium?!?
that the n-type side contains about 6 X 10" donor atoms
per cm3. The width of the space-charge region is

where V is the applied voltage, € is the dielectric con-
stant of the semiconductor, and p is the charge density
due to the ionized donors. For V equal to 200 volts, this
width becomes, for the above mentioned concentration
of donors, W=2.4X10-3 cm. For V equal to 100 volts,
the width will be about 1.7X10-% cm. The problem of
making bond contacts much smaller than the above
widths has not been solved. In experiments performed
at this laboratory with unformed tungsten points
placed into the space-charge region no emission of holes
was observed. The emission of holes from a point con-
tact depends upon the formation of an inversion layer
under the point contact. To ensure hole emission it
therefore seems desirable to create a small p-type region
by doping.

There are, however, many ways by which the above
described task can be simplified. For example, noncon-
stant doping may be used (see Fig. 3). On the left of the

W =

Np=Ny
HEAVILY DOPED
n-TYPE REGION

GEOMETRICAL

s/ JUNCTION

SLIGHTLY OOPEO
n-TYPE REGION

HEAVILY OOPEOD
p-TYPE REGION

Fig. 3—Scheme of donor minus acceptor concentration for
a proposed negative resistance device.

junction there is a heavily doped n-type region followed
by a slightly doped #n-type region. One may choose the
width and impurity concentration of the heavily doped
region such that the space charge includes this region
for an applied voltage at which appreciable multiplica-
tion takes place. A relatively small increase in applied
voltage will then cause a rapid increase in the space-
charge width because of the adjacent nearly intrinsic
region, without affecting the multiplication factor ap-
preciably. By a scheme like this, the space-charge region

12§, L. Miller, “Avalanche breakdown in germanium,” Phys. Rev.,
vol. 99, pp. 1234-1241; August, 19535.
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can be made relatively wide, and at the same time,
multiplication will occur at relatively low applied
voltages.

DEvVICES WITH TRANSISTOR-LIKE STRUCTURES

As an example of another structure, consider a regular
alloyed-junction transistor with a relatively small base
width. The base width is assumed to be of such a mag-
nitude that punch-through takes place at a collector
voltage which is an appreciable fraction of the ava-
lanche-breakdown voltage. In this transistor, the col-
lector corresponds to the p*-side of the diode of Fig.
1(a), the emitter corresponds to the p-type bond, and
the base region corresponds to the n-side of the diode.
Because of the plane parallel geometry of emitter and
collector junction, significant differences exist between
the two devices.

First, consider the floating potential of the emitter
junction as a function of the voltage applied between
the base region and the collector.’® Before punch-
through, the emitter is slightly reverse biased, and the
voltage difference is given by!4.18

kT
Vi=——In(1—a),
q

where % is Boltzmann’s constant; 7, the absolute tem-
perature; g, the electronic charge; and ¢, the emitter to
collector current amplification factor. This floating po-
tential rarely exceeds 0.1 to 0.2 volt. However, after
punch-through has taken place, the voltage difference
between emitter and collector remains constant as the
collector junction bias is varied. This can be seen
schematically in Fig. 4. In Fig. 4(b) three cases are
shown. In the first case, the applied voltage Vg is less
than the punch-through voltage Vp; the space charge
does not extend to the emitter. In the second case,
Vee= Vp and the space charge extends up to the emitter
junction. In the third case, Vpc> Vp; the solution of
Poisson’s equation is the same for this case as for
Vee= Vp except for an additive constant in the po-
tential. The reason is that the electric field must vanish
in front of the emitter junction just as it does for
Vee=Vp. Thus, Veec— Vpe=TVp, where Vpg is the
potential difference between base and emitter [see
Fig. 4(b)].

If a voltage is applied between emitter and collector
which is somewhat larger than the punch-through volt-
age, a current will flow. This current is independent of
the voltage Vpc as long as Vpe> Vp. Results on a typi-
cal experimental unit when Vp is equal to 12 volts are

18 H. Schenkel and H. Statz, “Voltage punch-through and ava-
lanche breakdown and their effect on the maximum operating volt-
ages for junction transistors,” Proc. Nat. Elect. Conf., vol. 10, pp.
614-625; 1954.

“ W, Shockley, “The theory of P-N junctions in semiconductors
and P-N junction transistors,” Bell Syst. Tech. J., vol. 28, pp. 435—
489; July, 1949.

15°W, Shockley, M. Sparks, and G. K. Teal, “P-N junction tran-
sistors,” Phys. Rev., vol. 83, pp. 151-162; July, 1951.
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Fig. 4—(a) Cross section of transistor-like structure. (b) Potential
distribution in base for three voltages Vge. (¢) Open circuit volt-
age between emitter and collector as a function of voltage between
base and collector.

shown in Fig. 5. When Ige, the current flowing from
emitter to collector is zero, the voltage Vge varies
slightly with Vge; however, when Ig¢ equals 1 ma, Ve
is practically independent of Vg¢ provided the latter
exceeds the punch-through voltage. The input resist-
ance dVge/dIge is a function of the current Ige. This
resistance decreases with increasing current. If multi-
plication takes place near the collector junction, elec-
tron-hole pairs will be generated. The electrons should
not flow into the emitter but should rather flow out into
the base; and thus, a current Ip¢; may be induced in the
high resistance collector circuit. If the ratio of the out-
put resistance to the input resistance is high enough,
and if the avalanche multiplication factor is large
enough, then it should be possible to obtain power
amplification. In Fig. 6, the base current I'p¢ is shown
as a function of collector voltage for Ig¢ equal to zero
and 1 ma (for the transistor as of Fig. 5). It may be seen
that some leakage current flows across the collector
junction. As expected, the current in the base-collector
circuit is somewhat higher for Ig¢c=1 ma. However, in
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Fig. 5—Emitter to collector voltage as a function of base to
collector voltage for Ige=0 and Igec=1 ma.
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Fig. 6—Base current as a function of base to collector voltage for
Igc=0 and Igc=1 ma (punch-through voltage approximately
12 volts).

this case, the multiplication is very small. From these
curves, a value of approximately 0.0026 is obtained for
(m—1). From the constant difference between the col-
lector currents it is seen that (m —1) is essentially inde-
pendent of collector voltage for Vge> Vp. (At high
values of Vpe, heat generated in the collector causes
deviations.) The factor m is nearly constant because the
field distribution between emitter and collector is essen-
tially independent of the voltage applied between base
and collector when Vge> Vp.
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The disadvantages of the transistor-like geometry be-
come quite apparent when units having considerably
higher multiplication factors than the above are in-
vestigated, i.e., transistors in which the punch-through
voltage Vp is a larger fraction of the avalanche-break-
down voltage V4. In all the transistors investigated, for
which the ratio Vp/V4 was approximately 0.5 or
greater, spontaneous oscillations have been observed.
A typical circuit in which these oscillations occur is
shown in Fig. 7. The spontaneous oscillations are due to
the fact that there is essentially no transverse field
along the surface of the emitter so that in a p-n-p type
structure the generated electrons tend to accumulate in
front of the emitter.

In Fig. 8, the emitter-collector voltage Vx¢ and the
base current Ig¢ are shown as a function of time; de-
partiures from these sketches attributable, probably, to
ringing in the circuit, have been omitted. The curves
suggest a relaxation type of oscillation which can be
explained as follows: There is always some stray ca-
pacity in the external circuit between emitter and col-
lector, and the device itself has some internal capacity.
If initially Vge=0, i.e., there is no voltage difference
between emitter and collector, the battery in Fig. 7
proceeds to charge this capacity. Experiments show
that the charge time can be explained if the device is
assumed to be nonconducting during this time interval.
Letting C represent the total capacity, the charge time
T is equal to CVp/I, if a constant current source [ is
used, as shown in Fig. 8. When the capacity has charged
to a value Vge= Vp, the device becomes conducting,
and completely discharges the capacity, that is, Vge
decays to essentially a zero value. The interval of dis-
charge T; was so short that it could not be measured
with accuracy with the available equipment, when C
was the residual stray capacity (=20 uuf). (T4 is the
time in which Vg¢ decays from 0.9 to 0.1 of its initial
value.) This time is estimated to be of the order of a few
millimicroseconds for the transistors investigated. The
transistors used were of the CK762-type having cutoff
frequencies between 14 and 25 mc at a collector bias of
6 volts.

It is interesting to observe that the base current is
delayed relative to the discharge and it flows for a much
longer period of time compared to the discharge time
T4. It can be shown that the maximum repetition rate is
related to the time it takes for the accumulated elec-
trons to leave the base region. Repetition rates of 50 mc
have been observed.

The energy bands along a line connecting the emitter
and collector appear in Fig. 9 (next page). There is a
potential maximum just in front of the emitter which
limits the flow of holes from the emitter region.!! If the
emitter supply voltage between emitter and collector is
made slightly greater than Vp, holes will flow from emit-
ter to collector. At the collector, each hole will create on
the average (m—1) new electron-hole pairs. The gen-
erated electrons will flow toward the emitter and become
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Fig. 8—Emitter to collector voltage and base current as a
function of time for the circuit shown.

trapped in the potential energy minimum. Since the
electric field at the emitter junction has no component
parallel to this junction, the trapped electrons will
move to the sides of the emitter by diffusion. The di-
mensions of the CK762 emitter are large enough (di-
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ameter equal to 2.5X10~2 cm), so that the removal of
these electrons proceeds rather slowly. The possibility
that electrons flow into the emitter can be discarded for
the reason that the concentration of ¢, of electrons at the
potential-energy minimum and the concentration c. at
the base side of the emitter are related as follows:

€1 = CaeAEIRT,

where AE is the potential energy difference between the
emitter and the potential minimum for an electron in
the conduction band; k is Boltzmann’s constant; and T
is the absolute temperature.

GENERATION OF
ELECTRON-HOLE
PAIRS ("AVALANCHE"
MULTIPLICATION)

&( COLLECTOR

ELECTRONS TRAPPED
IN POTENTIAL -ENERGY
MINIMUM

EMITTER

POTENTIAL BARRIER .
LIMITING FLOW OF HOLES

X

Fig. 9—Plot of energy bands along a line connecting emit-
ter and collector after punch-through.

Since the emitter is field free, any electrons which
enter must travel by diffusion. An electronic emitter
current as low as 1 microampere requires a concentration
of approximately 10!2 electrons per cm? at the base side
of the emitter, assuming a lifetime of 10-5 second for the
electrons. For a potential barrier of 0.5 ev, a concentra-
tion of more than 10 electrons/cm® is required at the
potential-energy minimum. For higher currents, the
concentration requirement becomes correspondingly
greater. A very high concentration, of course, will alter
the potential distribution and long before such a con-
centration is reached, the potential minimum model
(Fig. 9) will no longer apply.

As electrons in the potential barrier become trapped,
the barrier for hole flow will be lowered. This increased
flow of holes creates more electrons, and the electrons in
turn give rise to a still higher hole current, etc. This
process permits the hole current to build up to a very
high value. A criterion of such an instability can be
postulated as follows: Let one hole create (m—1) elec-
trons. Suppose now that an electron, while it is in the
potential minimum, induces the flow of f additional
holes (for simplicity f is assumed to be constant). These
holes in turn will create new electrons and these elec-
trons, new holes, and so forth. The additional number
of holes that are induced to flow because of the first in-
jected hole is given by the infinite series:

N=(m=0/+m— 04
(m = )f/[1 = (m — 1], 3)
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This series diverges if (m—1)f=1 which means physi-
cally that the current builds up rapidly with time. Eq.
(3) explains why the device is stable for low values of m,
since a stable condition corresponds to (m—1)f<1.
Once the capacity begins to discharge through the
device, Fig. 9 is no longer applicable, since the potential
drop between emitter and collector has dropped below
Ve, which implies that the space charge does not extend
throughout the region between emitter and collector.
In Fig. 10, the space-charge regions are shown schemati-
cally. There is a region in front of the emitter which is
virtually field-free. The trapped electrons, which were
generated at the collector, not only neutralize the posi-
tive donors but also holes which are present in this
region. Some electrons probably flow out through the
“pinched-off” channel between the space-charge regions
adjacent to the emitter and collector.
—®-

——

—
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N

/

I
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N SPACE CHARGE

||||||J

VBC P

Fig. 10—Scheme of space charge around emitter and
collector during discharge of capacity.

From experimental data, rate of flow of electrons
through this channel is less than rate at which electrons
are created by the avalanche process. Thus, most of the
electrons generated near the collector are trapped in
front of the emitter junction. To test the above model,
a calculation of the discharge time will be made.
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ESTIMATE OF THE DISCHARGE TIME

In a regular p-n-p transistor the current I flowing
from emitter to collector is given approximately by

Iec = ADygpo/W. 4)

Here, 4 is the emitter area; D,, the diffusion constant
for holes; g, the electronic charge; and p,, the density of
holes in the base region at the emitter side; and W, the
width of the base region or, more exactly, the distance
between the base-side boundaries of the emitter and
collector space-charge regions. The total charge of the
excess holes in the base region is given by

AgpW
0= )
From (4) and (5),
2D,0
Iso =~ = 6

During the discharge interval the hole current is
large, therefore, so-called high-injection conditions exist.
The total electronic charge Q, in the base region is ap-
proximately equal in magnitude to the hole charge Q,
since the charge arising from the ionized donors can be
neglected. Thus

Qe = On (7

From (6) and (7),
Tsc = 2D,0./ W™ (8)

The width W is related to the voltage difference be-
tween emitter and collector. If the distance between the
geometrical emitter and collector junctions is ! then the
punch-through voltage is

V1’=—

2¢

)

where p is the charge density of the ionized donors and
¢, the dielectric constant. When the voltage between
emitter and collector has decreased from Ve to Vp— 1V,
the following relation

I —W)?
Ve—V'= pg (10)
2e
exists, from which one obtains
w o
—l'= 1—\/1 - V’/Vp. (108.)

Igc is related to the rate of discharge of the capacity C
as follows:

Iee=cV (11)
EC — dt
I‘'rom (8), (10a), and (11) it follows that
av’ o
CSr = 0/~ VI= VIV (D)

If it is assumed that Q, is the total electronic charge
generated near the collector and that none of this charge
has passed to the base, then
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V'[m(V’)—l]dQ;,=C V[m(V’)—-l]dV’. (13)

0 0

Q.=

In the above, the small fraction of injected holes which
are needed to maintain the neutral region have been

neglected. Using
5
Va

given by Miller,'? where for 0.5 to 1 ohm cm #%-type
germanium # is approximately equal to three, the in-
tegral becomes

0. V' Ve — V\?
CVe fo ( Va )
(T
Va Ve
This integral is plotted in Fig. 11 as a function of V'/Vp,
with Vp/V,4 as a parameter.

m(V') =

(14)

(1)
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Fig. 11—/’ /(m—1) dV’'/Vp as a function of V'/Ve
for various values of Vp/Va.

In the investigations, a transistor with Vp=24 volts
and V4 =42 volts was studied extensively. For this case,
Ve/V4=0.57. Eq. (12) has been integrated analytically
for the dashed curve in Fig. 11, and Vgc was obtained
as a function of time. The result is shown in Fig. 12.
The discharge time is seen to be about 3 X10~? second.
It is interesting to note that in the calculations, the
quantity C drops out [as may be seen by inserting (13)
in (12)]. Experimentally, it is found that the discharge
time depends to some extent on the capacity. Experi-
mental results for the discharge time as a function of
capacity are shown in Fig. 13 for the transistor being



Veg 0.5

173

08 —

O CALCULATED VALUES —

Ve
— =057
0.6 Va -

07—

0.3

0.2

oA o

5.0

|
2.0

t (milli-psec)

30 40

Fig. 12—Vgc/ Vp as a function of time during discharge of
capacity for a transistor with Vp/V4=0.57.

100 T T T T

PROCEEDINGS OF THE IRE

Td (milli -xsec)
o
I
|

| ] | [

[
100
C(nuf)

Fig. 13—Observed discharge time as a function of the
capacity between emitter and collector.
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considered. Because of limitations in the available
equipment, values for the discharge time T below 103
second could not be measured. It may well be that for
very small capacities, the experimental and theoretical
values may approach each other very closely.

It should be mentioned that an abrupt change in the
behavior of the devices does not occur when the collector
voltage is decreased below the punch-through value.
Oscillations have been observed at voltages as low as
0.7 Vp. In this case the oscillations begin because the
extrinsic base resistance is large and « is greater than
unity. After the capacity is partially discharged the two
space-charge layers from emitter and collector touch
and the discharge process described above is repeated.
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The voltage Vg still goes to zero, which can never oc-
cur in a circuit having a regular transistor with « greater
than unity and a large external base resistor.

CONCLUSION

The above example of a transistor-like structure
shows that in these devices where the injection of car-
riers into space-charge regions and the avalanche mul-
tiplication are used simultaneously, the problem of the
accumulation of generated carriers in front of the
emitting contact is serious. A similar problem may also
arise in the first diode structure discussed if the dimen-
sions of the emitting bond are too large. In the tran-
sistor-like structure, tendency of accumulation may be
reduced by decreasing the size of the emitter.

In addition, this tendency may be reduced even fur-
ther by using the deflection produced by a magnetic
field. Fig. 14 shows the path of electrons and holes when
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|_—SPACE CHARGE

| —— PATH OF HOLE
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PERPENDICULAR TO
PLANE OF PAPER

thji[-
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Fig. 14—Path of electrons and holes in a magnetic field.

a magnetic field is applied. The angle # which the elec-
tron current, for example, makes with the direction of
the electric field is given approximately by the formula

tan 0 = u.H/c. (16)

u is the mobility of electrons in esu, which is assumed
to be constant; H, the magnitude of the magnetic
field in emu; and ¢, the velocity of light. For u,= 3600
cm?/volt second and H=2X10* oersted, §~36°. In
applying (16), however, the dependence of up, on the
electric field should be taken into account.

At present, it appears that the combination of a small
emitter and a magnetic field may result in a useful
amplifier. It is important that the relation between
Vee and Vge shown in Fig. 4 is maintained. For small
emitters, deviations from the relationship shown in Fig.
4 are expected. In practical units a compromise must be
made regarding the size of the emitter.
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Ferrite Apertured Plate for Random Access Memory”
JAN A. RAJCHMANT, FELLOW, IRE

Summary—Plates with an array of apertures molded from rec-
tangular loop ferrite can be used for random access memory. With
the relatively close center-to-center spacing equal to twice the hole
diameter there is negligible interaction between adjacent holes. The
nonconductive ferrite plate can be coated with a conductive pattern
to form a “printed” winding linking all holes in series. The plates can
be stacked and the whole stack threaded with word address selecting
wires. The printed windings serve for reading and writing the digits
of the word.

An experimental prototype plate was developed. It has 256 holes
of 0.025 inch in a square 0.830X0.830 inch. A current of 330 ma
reverses the magnetization around a hole in 1.5 usec and produces 30
mv. The hysteresis loop has good rectangularity and the properties
of the holes are uniform within +5 per cent.

The memory plates can be driven by a switch, itself made of
plates. Several novel switching principles are proposed: switching
over all holes of a switch-row but the selected one, using memory
plates in pairs, and operating by a flux-limited fashion. This results
in read-out signals free of disturbs, fast access, and large operating
tolerances. Conventional current coincident operation is possible also.

The making, testing, and assembling of ferrite memory plates
with printed windings requires much less time and labor than
corresponding techniques with conventional cores. The plates open
possibility of random access memories with capacities of millions of bits.

INTRODUCTION

O STORE digital information, it is natural to

Il provide a discrete cell for every bit. This was not

the case in most of the early solutions to the prob-
lem of the high-speed memory of reasonably large stor-
age capacity—acoustic delay lines and electrostatic
storage tubes—which resorted to storing the bits on
nonsegregated areas of a homogenous medium. The ad-
vent of magnetic materials with fast switching and
square hysteresis loop provided the first practical means
of building relatively large numbers of individual storing
cells, each being merely a tiny toroidal core.!~® The core
memory proved much more reliable and better in most
respects than the earlier types and is now the classical
solution to the problem.

The two directions of magnetic remanence provide
natural storage for a bit of information and the square
hysteresis loop allows the storing magnetic element it-
self to participate in the switching required for its selec-
tion in a memory system. Some years ago when we first
realized that these properties were ideal for a large ca-
pacity high-speed random access memory, we sought
various artifices to fabricate at once arrays of large

* Original manuscript received by the IRE, November 5, 1956;
revised manuscript received, December 17, 1956.

t+ RCA Labs., Princeton, N. J.

1 J. W. Forrester, “Digital information storage in three dinensions
using magnetic cores,” J. Appl. Phys., vol. 22, pp. 44-48; January,
1951.

z J. A. Rajchman, “Static magnetic matrix memory and switch-
ing circuits,” RCA Rev., vol. 13, pp. 183-201; June, 1952.

+J. A. Rajchman, “A myriabit core matrix memory,” Proc. IRE,
vol. 41, pp. 1407-1421; October, 1953.

numbers of cells. At first we used individual cores mostly
to test the ideas of complete memory systems. We found
that the making, testing, and assembling of individual
cores was not too laborious a task as long as the number
of cores was in the hundreds or even thousands. The
fact is that, with presently well-evolved techniques, the
cost of assemblies with thousands and even hundreds of
thousands of cores is comparable to the cost of the
auxiliary electronic equipment required for operating
the memory. But for larger storage capacities, millions
or scores of millions of bits, the fabrication, the testing,
and the assembly of separately made individual cores
becomes prohibitive.

For this reason, the original investigations for ways
to fabricate whole arrays of storage cells was carried on,
along with experiments with single cores. Some years
ago, we conceived the idea of molding a plate with an
array of holes out of ferrite material having a square
hysteresis loop. Such a plate can provide the many stor-
age sites inherent in the use of a continuous medium and
yet preserve the distinctiveress of the cells. This is be-
cause the areas on the plate are artificially defined by
the apertures to form scparate storing cells. Pierced
metal sheets were considered by R. C. Minnick and
R. L. Ashenhurst.* These authors believed it preferable
to etch out individual toroids from a sheet cemented on
a bakelite support.®

The development of our apertured plate has now
reached a stage which opens possibilities of memories of
very large capacities—millions of bits. Because it re-
quires much less driving power, it promises also to re-
duce and simplify the associated electronic circuits.
Furthermore, it makes possible very compact memories
of relatively small capacity.

This paper describes the principle of operation of the
aperture plate, its fabrication by molding, means of
making printed windings, and the characteristics of an
experimental prototype plate with 16X16=256 aper-
tures of which thousands were made. A system is pro-
posed to drive the memory plates by a switch, itself
made from plates. The operation of the system is based
on several novel switching methods which make possi-
ble large storage capacities, read-out signals free from
disturbs, fast access, and large tolerances in the ampli-
tudes of the electronic driving circuits. The use of the
plates in a conventional current coincident operation is
considered.

4 R. C. Minnick and R. L. Ashenhurst, “Multiple magnetic stor-
age systems,” J. Appl. Phys., vol. 26, pp. 575-577; May, 195S.

5 Since the writing of this paper the author has learned of the
work of R. H. Meinken, “Characteristics of a Memory Array in a
Sheet of Ferrite,” reported at the Conference for Magnetism and
Magnetic Materials, Boston, Mass.; October 18, 1956.
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THE APERTURED PLATE

Consider a regular array of round holes in a plate of
magnetic material having a perfect square hysteresis
loop. Let the direction of remanent magnetization
around each hole store one bit of information. It should
be expected that each hole acts independently as
though it were the hole of an individual core, and that
there is no effect due to repeated access to adjacent
holes. This is for the following reason. For a given cur-
rent linking an aperture the magnetizing force H di-
minishes gradually with distance. Near the hole, nearly
perfect radial symmetry can be assumed, so that the &
lines are circles and the value of H is inversely propor-
tional to the radius. Therefore, there will be some circle
of radius Ro within which the magnetizing force is more
than some critical value H, required to reverse the flux
in square loop materials and beyond which it is less than
this critical value. Hence, there should be complete re-
versal within the circle and none without. For a ju-
dicious choice of the energizing current, bringing this
circle to less than half the width of the legs separating
adjacent holes, there should be no interaction between
adjacent holes.

In reality, there is a family of hysteresis loops and the
loops are not completely square so that there is a grad-
ual rather than a discontinuous radial change of flux. To
determine whether these deviations from perfect rec-
tangularity would produce detrimental “cross-talk,” a
number of experimental plates were made, all of as
identical a material as was possible to make. Each plate
had an array of 9 holes of a given diameter d and spaced
at a center-to-center distance D, the ratio d/D being
different for the various plates (Fig. 1). The current I,
in the center hole was adjusted in every case to produce
maximum discrimination under the conventional two-
to-one current regime. The percentage change in the
signal obtained from the excitation of I, as a result of
repeated excitations of an adjacent hole by a current I,
made equal to I, was taken as a measure of the inter-
action. It is apparent from Fig. 1 that the interaction
becomes significant only when the holes are so close that
the distance between hole peripheries is less than the
radius of the holes. The current producing optimum dis-
crimination is seen to increase linearly with hole size
except for a slight deviation from linearity for large
holes. The resulting output voltage curve also starts by
rising linearly with hole size because the optimum cur-
rent renders the cross section area of the material in
which flux reverses proportional to the hole diameter.
The voltage reaches a maximum and then decreases as
the available cross section area diminishes because the
legs between adjacent holes become thinner. The curve
of maximum discrimination rises, first slowly, then more
rapidly. This is because the region where flux reverses,
between the aperture and its nearest neighbors, becomes
thinner; therefore the hysteresis loop, which is an av-
erage of elementary zonal hysteresis loops, is squarer as
the averaging extends over a smaller radial spread.
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Fig. 1—Effect of hole size and spacing. Ratio of hole
diameter to hole spacing.

Because of unavoidable differences in the nature of
the material of the various plates and the difficulties of
measurements, no absolute numerical significance can
be attached to the plots of Fig. 1. However, these plots
indicate the general behavior of the interaction, amount
of useful signal, and discrimination, as a function of the
geometry of the array. The ratio of hole diameter d to
hole spacing D of one half is approximately in the center
of an optimum range for which there is practically no
cross-talk, the signals are high, and the discrimination
is relatively large. This simple ratio was adopted for an
experimental prototype plate.

TuE EXPERIMENTAL PROTOTYPE PLATE

A prototype plate design was adopted for most of our
experiments. The plate has an array of 16X16=256
holes. The holes are 0.025 inch in diameter and are
spaced 0.050 inch center-to-center. The plate is a square
0.830<0.830 inch. (See Fig. 2.) The plates were molded
with the array of holes. This required fairly elaborate
punches and dies. Considerable experimentation was
necessary to develop the right powder, composition,
binder, and consistency to obtain satisfactory molding
and satisfactory magnetic properties. The firing of the
plates is somewhat more critical than the firing of indi-
vidual cores. This is mostly because precaution must be
taken to keep the temperature uniform throughout the
area of the plate. Prefiring in tunnel-type furnaces in
air, followed by final firing in controlled atmospheres,
yielded uniform plates with fairly square loop character-
istics. These characteristics are described in more detail
below.

THE PRINTED WINDING

The ferrite plate is nonconducting, in fact a fairly
good insulator. It is possible to coat it with a metallic
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Fig. 2—The experimental prototype apertured ferrite plate.
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Fig. 3—Enlarged cross section of ferrite plate.

conductive layer so as to link the holes and thereby ob-
tain a “winding” without the necessity of threading a
wire through the holes. This method is particularly
suitable for making a winding which links all the holes
in series. To obtain such a winding the ferrite plate is
first coated with a metal conductive layer on its entire
surface including the inside walls of the holes. Then, the
coating is removed along cross-lines so that little islands
of metal remain on the surface of the plates. (See
Figs. 2-5.) Each island is a rectangle comprising two
holes. The rectangles on one side of the plates are
staggered with respect to those on the other side. The
continuity of current flow is, therefore, through one
island, then through the coating of the walls of the hole,
then through the island on the other side, back through
the coating on the walls of the next hole to the next
island, etc. (See Fig. 3.) The pattern of islands is so
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Fig. 4—Photograph of experimental prototype memory plate with an
array of 16X16=256 apertures.
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P_ATE

COATING

METAL COATING
REMOVED

Fig. 5—Perspective view of section of prototype plate.

designed that a winding, linking all holes in series, is
obtained. The removal of the metallic coating along
appropriate straight lines can be done in various ways
such as grinding grooves, using photo-engraving tech-
niques, etc. A particularly convenient method is to mold
the plates with a pattern of ridges corresponding to the
lines along which the coating is to be removed. These
ridges are only a few thousands of an inch high. After
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spraying the entire surface of the plate it is merely
sufficient to remove the metal coating on the top of
the ridges to obtain the desired pattern. Fig. 4 is a
photograph of the plate with its printed winding. The
two terminals are 0.007-inch bare copper wires, silver
pasted to two sides of the plate. (Slides 2 and 4 on
Fig. 2.) The silver on the two other sides (1 and 3) of the
plate is removed to prevent a short between the termi-
nals.

The plates undergo considerable shrinkage during
firing, about 20 per cent in linear dimensions. The exact
final size depends on the nature of the ferrite, the pres-
sure of molding, and the heat treatment. It is found to
be remarkably constant, perhaps within +0.001 inch
for the 0.830-inch side of the plate, provided accurate
control of parameters is maintained. But during the
developmental stage, when different materials and
processing are used and the size may vary considerably,
the ridges are a particularly convenient way of insuring
that there is no misalignment between the pattern of
lines and the pattern of holes. The ridges have also
another important advantage in that they tend to
strengthen the plate, particularly when it is very thin.
Plates were made with a thickness of only 0.007 inch at
the significant location around the holes, although a
thickness of about 0.020 inch was selected for the
prototype plates.

PLATE TESTING

After being provided with its printed winding, the
entire plate can be tested easily in a single operation by
means of a special tester. The tester has an array or
“forest” of parallel conductors over which the plate is
inserted. The electric circuit of the conductors is closed
by shorting the conductors after insertion of the plate.
The pins are energized serially by means of a magnetic
switch, itself made of plates (of a type described below).
The outputs from the successive holes are obtained from
the printed winding and are conveniently displayed as a
superposition of traces on an oscilloscope. A glance at
the bundle of traces suffices to determine whether or not
the plate is acceptable. An experimental semiauto-
matic tester was built (Fig. 6) which had only 128 pins
so that two insertions are necessary to test the whole
array of 256 holes.

PLATE CHARACTERISTICS

Many thousands of prototype plates were fabricated
in an experimental batch. Fair uniformity was observed
on sample tests of about a hundred plates each. Typi-
cally, the amount of flux reversed around the aperture
for a given current excitation varied %5 per cent from
the average, within a given plate as well as between
plates.

The operation under the conventional two-to-one
current drive is shown on Fig. 7. An aperture was
energized by a train of current pulses
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NN
(P 0 PN as shown on Fig. 7>

used in routine checking of discrimination for conven-
tional cores. The wanted flux reversal ¢, for a given cur-
rent excitation and the unwanted disturb flux ¢4 ob-
tained after two disturbs of half the given current exci-
tation are plotted as a function of the current excitation.
These flux reversals do not include the reversible part
subtracted at the end of the current pulses and thus in-
clude both reversible and irreversible flux changes. The
ratio of wanted-to-unwanted fluxes ¢¢/¢, exhibits a
maximum for an excitation of about 330 ma. The
switching time 7 is plotted also as a function of I and is
seen to be about 1.5 usec for the nominal excitation
of 330 ma.
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Read-out signals obtained from the printed winding
are shown by the photograph of oscilloscope traces on
Fig. 8. The full current was at the nominal amplitude
of 330 ma. The wanted signal 1 occurs at the first posi-
tive P pulse, the disturb signal 4 of interest occurs at
the second positive P pulse after two half amplitude
negative demagnetization pulses. The discrimination of
this experimental ferrite plate is comparable to that of
early cores and somewhat inferior to that of present day
relatively evolved cores. On the other hand, the aper-
ture of the plate requires about 3 times less current and
only about 2 X 1078 joules or about 5 times less energy
than the conventional memory core. This economy re-
sults from the fact that it is practical to use only a very
small volume of material in a plate of manageable di-
mensions, while an individual core of the same volume
would be unmanageably small.
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Fig. 8—Read-out signals from the aperture plate.

The observed amount of “cross-talk” between adja-
cent holes of the prototype plate is very small, as illus-
trated by the plots of Figs. 9 and 10. The spread of flux
from an energized aperture outward is apparent on Fig.
9 which is a plot, as a function of current amplitude, of
the total flux ¢; around the aperture, the flux ¢, in the
region up to the nearest adjacent holes, and finally of
flux ¢s in the next surrounding zone. This spread is as
should be expected by assuming that the flux reverses
up to a critical circle of radius proportional to current.
If the current is kept below the value for which the
circle bisects the leg between adjacent holes, there
should be no interaction, as was mentioned. This is
verified approximately by the measurements of the
variations of flux in a leg between two adjacent holes as
a function of current excitations in one and then the
other hole, as shown on Fig. 10. The entire plate is first
brought to a standard condition of flux distribution by
a current Ip through the printed winding (directions of
flux around the holes in a checkerboard pattern). Then
a current I, is applied through one of the holes and pro-
duces a flux change ¢4 in the intermediary leg. If, before
the flux is restored by a new pulse I,, a pulse of current
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Fig. 10—Effect of access to adjacent hole.

I: (equal to I}) is applied to the other hole, the resultant
flux change ¢p in the intermediary leg has not, in gen-
eral, the same value as ¢4, since some of the flux in that
leg was previously reversed by the pulse I;. However,
the values of ¢ and ¢4 are almost identical for values
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of current that produce about half the total possible
flux change in the intermediary leg. For the optimum
operating current of about 330 ma, the value of ¢35 is
only slightly less than ¢4, showing that there is only
negligible cross-talk between the apertures which, for
all practical purposes, can be considered to operate in-
dependently. A considerably larger current, about twice
the optimum value, may still be used, even though it
will reduce, in general, the strength of the signal ob-
tained from an adjacent aperture.

CURRENT COINCIDENT PLATE MEMORY

For most applications of high-speed memories, ran-
dom access to a word composed of a number M of bits
is desired. This number M is typically between a few
and a hundred. The plates are particularly suitable for
such a parallel memory as they are conveniently stacked
with all their apertures in perfect register. The stack is
wired as a unit with address selecting wires so that the
same location in each of the M plates (or plate pairs) is
reached simultaneously. The printed or “digit” winding
on the individual plates serves for read-out and write-in
of the digits of the word.

The plate memories can be operated in a current coin-
cident mode, just as do the conventional core memories.
The holes of the stack of plates are threaded back-and-
forth by rows X and columns ¥, as shown on Fig. 11.
This threading is not too exacting a task, even though
the holes are only 0.025 inch or half the ID of conven-
tional memory cores, because the wires go straight
through the holes which are in perfect axial register.
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Fig. 11—Current-coincident ferrite plate memory.

This wire threading is a unique operation and need not
be repeated separately for each plane, as is customary
with memory core planes. The numerous separate digit
windings, so tedious to thread in core planes, are ob-
tained by the printed technique on the plates. It is ap-
parent therefore that the complete “wiring” of the stack
of plates is much simpler than with individual cores.
However, only three conductors are provided in each
aperture: the printed digit Z winding in the form of
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metal coating on the wall of the hole and the X and ¥
selecting wires. It is not convenient (although possible
with a modification of the printed technique) to provide
two digit windings, one for read-out and one for write-
in, as is customary with core planes, so that the single Z
winding must serve for both functions. This poses some
problems.

It will be recalled that in most current-coincidence
operating modes there are two cycles: a reading cycle in
which the selecting wires X and Y are energized with
+1I/2 and the signal is read-out from the Z winding, and
a writing (or rewriting) cycle in which the selecting
wires X and Y are energized with —I/2 and the Z wind-
ings of the various planes are either not energized or
energized with inhibiting currents of +1/2 depending
on the nature of the digits to be written in. The logic of
the writing requires that the three windings X, ¥, and
Z link every aperture in the plate in the same sense. This
is achieved by threading the X and ¥ windings back-
and-forth through the stack to conform with the physi-
cal checkerboard pattern of the Z-printed windings, as is
shown on Fig. 11. Therefore, during the read-out, the
voltages induced by the half excitations of the apertures
on the selected row and column, add up, rather than
tend to cancel each other as in conventional read-out
windings, and produce an appreciable masking disturb-
ance. This disturbance could be neutralized by a fixed
voltage derived from an auxiliary core excited at the
instant of read-out.

A better way to cancel the disturb signals is to use a
pair of plates for every digit. A bit is stored by mag-
netizing around an aperture in one plate in one direc-
tion, and around the corresponding aperture in the other
plate, in the opposite direction. The Z windings of the
plates are connected in series opposition, as shown on
Fig. 11. Therefore on reading, the disturb signals of the
two plates tend to cancel each other, and the polarity of
the net signal is indicative of the stored bit. For writing,
the inhibiting current is sent through the Z winding of
one or the other plate. The use of a pair, instead of a
single plate per word digit, is reasonable and not as
extravagant as would be the use of two-core arrays. The
cost of the molded plate with its printed winding is in-
herently low and the doubling of the number of plates
has no effect on the labor involved in threading the
stack.

To obtain storage capacities with more words than
there are holes in a plate, an array of plates can be used
for each digit, the Z windings being connected in series.
The threading of the X and ¥ wires in the larger stack
of plate arrays can be made in a single operation or by
connecting together individually threaded plate stacks.
The limit to the possible number of words depends
mostly on the method used to overcome the effect of the
disturbs. Any of the methods developed for core memo-
ries are applicable. For example: strobing at a time
where the disturb voltage has decayed and the voltage
due to the slower irreversible flux is near maximum, di-
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viding the read cycle in two to allow the disturb due the
excitation of X to decay before Y is excited, or integrat-
ing over a positive and negative excitation cycle. The
hysteresis loop of the plates is almost as square as that
of the conventional individual cores, but the uniformity
of properties between apertures is not quite as good as
that resulting from the most severe core segregation,
thus a somewhat greater reliance must be laid on the
above methods.

SwitcH DrIVEN PLATE MEMORY

In the early stages of development of the ferrite
apertured plate, there was some doubt whether sufficient
loop rectangularity could be obtained for operating by
current coincidence. A method tolerating poor plate
characteristics was devised. It consists of driving the
memory plate stack by a switch which energizes the
selected word location without half exciting any other
locations. In this way the function of address selection
is performed by the switch and that of storing by the
memory stack. This method is advantageous even when
the presently available prototype plates with good
rectangularity are used, because the read-out signal is
inherently devoid of any disturbances and is simpler to
detect, the operation can be faster, and the drives can
have larger tolerances.

The address selecting switch is itself made of a stack
of plates identical with those of the memory stack, but
without the printed windings, as shown on Fig. 12. The

COLUMN SWITCH INPUT

ROW SHORTING BUSES — Z
~—ADDRESS CONDUCTORS

Fig. 12—Switch driven ferrite plate memory.

switch stack is threaded by X and Y windings, and is
set in perfect geometrical register with the memory
stack. Both stacks are threaded through straight ad-
dress selecting conductors, one for each aperture. The
threading of this “forest” of wires is relatively simple as
it amounts to dropping a straight wire into each of the
apertures. The ends of these wires are shorted by rows
in a manner to be described.

The “end-on” switch can produce outputs on one of
the address selecting conductors as a result of the
energization of the corresponding row X and column ¥
in a number of ways. For example, it could be biased
with a pulsed or dc inhibiting drive overcoming one of

Rajchman: Ferrite Apertured Plate for Random Access Memory
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the lines drives, or it could be driven by driving the
selected row and inhibiting all columns but the selected
one, as was done in previous types of memory driving
switches.

A novel method called “set-a-line” was found which
has many advantages over previous types. Consider an
array of switching elements, cores or apertures in a
plate, shown for simplicity as an array of nX# cores on
Fig. 13 (n=4). The loads to be driven by the switch
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Fig. 13—Operation of set-a-line magnetic switch. (a) and (b) initial;
(c) set-a-line; (d) intermediary.

and assumed of equal impedance Z, are connected in
parallel by rows, as shown on Fig. 13(a). Let all
cores be initially in a normal state NV (Fig. 13(b)). In a
first step, a current pulse is applied to the selected row
tending to drive all cores of the row toward P and at the
same time (or with a slight advance) another pulse is
applied to the selected column tending to drive all the
cores of the column towards N. As a result, all cores of
the selected row are switched to the state P, except the
one on the selected column which is kept in its initial
state by the column inhibiting current. This produces
the intermediary pattern of core states, Fig. 13(d). The
voltage V) induced on the (n—1) cores which are
switched over, causes currents to flow in the correspond-
ing loads and returns through the selected load. The
equivalent circuit is that of a source V; connected in
series with the selected loads and the remaining (n—1)
loads in parallel. Therefore the current [ in the selected
load is +(V1/Z)(n—1/n) while the current in each of
the remaining (n—1) loads is —(V1/Z)(1/n). In a sec-
ond step, a current is applied to the selected row tending
to restore all cores to N. The inhibiting current on the
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selected column may or may not be left on during this
step. This causes the (z—1) cores which were switched
in the first step to switch back and induce voltages V,
and thereby cause the flow of a current I in the selected
load equal to —(Vy/Z)(mn—1/n) and a current
+(V2/Z)(1/n) to flow in the remaining (n—1) loads.
For both steps the currents in the unselected loads are
(n—1) times smaller than the selected load current and
therefore negligible in most practical cases when # is
fairly large. The rate of change of flux of the switching
cores can be made very high as the logic of the switch
operation does not depend on the amplitude of the drive
row current which can be made as large as desired. Of
course, the inhibiting column current must be made
consequently larger. Therefore the voltages pulses 1,
and V, can be made of high amplitude and short dura-
tion. For symmetrical excitation V; and V, will be
symmetrical, i.e., of equal and opposite amplitude.
Asymmetrical operation is possible also, yielding a high
and short positive pulse followed by a low and long
negative pulse or vice versa.

The polarities of energization of the load addiess
conductors must alternate along rows and columns to
conform with the checkerboarding due to the printed Z
windings of the memory plates. This determines the
back-and-forth threading of the row and column wind-
ings on the switch and the use of interlaced shorting row
buses on the ends of the address conductors, shown on
Fig. 12.

It is of interest to note parenthetically that the first
operating step could be split in two; a row drive and &
subsequent column drive. The row drive switches over
or “sets” all cores of the selected row and brings about
the pattern of Fig. 13(c). These switch-overs produce a
voltage between the shorting buses a and b, but no load
currents, as there is no available return path for the cur-
rent. The subsequent column drive brings about the
intermediary state shown on Fig. 13(d) and causes the
same currents to flow in the loads as was the case when
the row and drive pulses were simultaneous. This mode
of operation involves no coincidences of driving cur-
rents. It may be useful in cases where the logic of ad-
dressing furnishes row information prior to column
information.

The switch produces very small disturbing currents
in the unselected loads corresponding to the selected row
and column. On the row, these currents are due to the
fact that the unselected loads are a part of the return
circuit for the current of the selected load. They are
small for all practical cases when there are many col-
umns (z.e., n>8), as was mentioned. On the column,
there are small disturbing voltages due to reversible flux
changes around the apertures driven further into satura-
tion by the column inhibiting current. Therefore the
read-out signal from the switch driven plate memory is
almost solely due to the drive of the selected address
conductor and is practically devoid of any masking dis-
turbance.
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A pair of memory plates is used for every bit of the
word. A bit is stored by magnetizing around correspond-
ing apertures of the two plates in opposite directions, in
one way or the other. This pairing was proposed for can-
celling masking disturbance onread-outin the coincident
current operation, but is not necessary for that purpose
in the switch drive mode since there are practically no
such signals. The purpose of the pairing is primarily to
render constant the load presented to the switch by the
memory. Irrespective of the nature of the stored word,
there will be precisely M apertures around which flux
reverses irreversibly and M apertures around which
flux reverses reversibly, since in every plate pair the two
apertures are left in opposite states.

The use of plates in pairs permits operation of the
system in a “flux-limited” fashion. To understand the
system consider first the case of three identical square
loop cores linked by a shortening loop of negligible
ohmic resistance, as shown on Fig. 14. Initially, the

SWITCH CORE

MEMORY CORE

INtTIAL N N P
READ P N N
REWRITE OR WRITE N N [

Fig. 14—Flux limited switch drive.

switch core and one of the memory cores are assumed at
N and the other memory core at P. In a first, read-out
step, the switch core is reversed from N to P by a drive
current Jo. Because the ohmic voltage drop in the short-
ing loop is negligible, the change of flux in the switch
core must produce an equal tota! irreversible flux
change in the memory cores and therefore cause the
memory core initially at P to switch to N, bringing both
cores to V. The polarity of the read-out voltage induced
on a digit winding linking the two cores in series oppo-
sition identifies which of the two cores switches over. In
a second, write-in step, the switch core is restored from
P to N by a drive current I, of the opposite polarity. At
the same time, or preferably with a slight advance, a
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current Ip is sent through the digit winding in one or
the other direction depending on the digit to be written
or rewritten-in. This current Ip favors the turning over
of one of the memory cores and hinders that of the other.
Consequently the flux from the switch core will be
transferred to the memory cores in unequal parts, a
larger part to the favored and a lesser part to the
hindered core. For a sufficiently large amplitude Ipo of
the digit write current Ip, all the flux will appear in one
of the cores. For smaller amplitudes, there will still be a
difference between the fluxes transferred to the two
cores and consequently a logical write-in which can
subsequently produce a read-out signal of correct
polarity even though it is of reduced amplitude.

The example of the three identical cores illustrates
the operation at one address of the flux-limited end-on
switch driven plate memory system. Let the number of
plates making up the switch be such that the maximum
amount of flux that can be reversed in the switch be just
equal to the amount of flux to be reversed in M memory
plates, one for each pair. When plates of the same thick-
ness as the memory plates are used this number is equal
to M. Fewer thicker plates can be used also. The ele-
ments of the idealized circuit of Fig. 14 are approxi-
mated at every location as follows: the switch core by
the (n—1) row apertures around which the flux re-
verses, the shorting loop by the address conductor in
series with the (n—1) other conductors in parallel, and
the two memory cores by the 2M apertures of the
memory plates. The circuit includes also the selected
aperture of the switch, which does not switch-over
during selection, and which adds negligible impedance
to the loop.

The flux limited mode of operation has a number of
advantages. Because the amount of flux transferred to
the memory is strictly limited by that available in the
switch, very large drive currents Iy (and consequently
large but short loop current pulses I) can be used to
obtain fast switch-over and large read-out voltages for
relatively small stored-in write energy. Considerably
faster speeds are possible than those obtained with a
nominal current adjusted for maximum two-to-one dis-
crimination. There is considerable tolerance in the am-
plitude of the write-in digit current. This is illustrated
by typical plots of the net read-out signal (difference in
flux between the two plates of the pair) as a function of
that current. (See Fig. 15.) The middle full curve is ob-
tained when the two plates of the pair are identical and
the dotted curves are indicative of curves that could be
obtained with plates differing in thickness or some other
parameter. There is a minimum to the allowable digit
write-in current necessary to compensate for possible
differences between plates. There is a maximum above
which the write-in digit current would produce irreversi-
ble demagnetizations in the nonselected apertures of the
plate. This maximum is considerably greater than the
value for which substantial read-out signals are ob-
tained. The allowable extreme values depend somewhat
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Fig. 15—Output signal as a function of digit write current.

on the switchover time. In practice, there is a tolerance
of about two to one in the amplitude of the digit write-in
current.

AssocIATED CIRCUITS

The plates are provided with a single digit winding
obtained by a fairly simple printed technique. The more
complex techniques for “printing” two windings are not
necessary because the use of a pair of plates per digit
makes it possible to design fairly simple circuits operat-
ing on a single winding for both sensing the read-out and
writing the desired digit.

Such a typical circuit is shown by the block diagram
of Fig. 16. The digit winding is coupled through a trans-

MEMORY
PLANE PAIR

SENSING
AMPLIFIER Y Y Y
G
Y !
V\J
] WRITE
CURRENT
SOURCE
READ WRITE at
ouT IN -

Fig. 16—Digit sensing and writing circuit

former to a sensing amplifier which produces a current
of one or the other polarity depending on the polarity of
memory output. This current sets an auxiliary pair of
square loop cores, one core in state N and the other in
state P or vice versa. Rewriting is obtained by steering
a current from a driving source through one or another
of two windings wound in opposite directions on the
transformer and thereby inducing a current in the digit
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winding in one or the other direction. During rewrite
the sensing amplifier is gated off. For writing new in-
formation, the auxiliary cores are set by the write-in
signal instead of the sensing amplifier. It is convenient
to use transistors for the sensing amplifier and a tube
drive current source common to all digit circuits,

The address circuits for the plate memory can be one
of the many types used with core memories. In general
the requirements are less severe. In the current coinci-
dent mode considerably less driving power is required
than that required for the core memory, because the
energy stored per bit is about 5 times smaller around
the aperture of a plate than in a conventional core. Also
the smaller amplitude of the row and column currents
gives a better match to tubes or transistors. The switch
driven plate memory requires more power because the
switch itself dissipates power. However, the very large
tolerances of the driving currents make possible simpler
circuits.

ConNcLusioN

Apertured ferrite plates are proposed for building
high speed random access memories. They provide a
simple means to fabricate large numbers of discrete
storing cells in convenient packages which can be easily
assembled into large memory systems. Furthermore, the
cells can be made small so as to require little energy to
store each bit.

A prototype experimental plate and means to use it in
memory systems were developed which realize to a large
extent the expectations of this proposal. The findings of
the development may be summarized as follows:

1) The prototype is a molded square plate 0.830
X0.830 inch having 16 X16 =256 apertures 0.025
inch in diameter and spaced on 0.050 inch centers.
Measurements show that:

a) There is negligible interaction between aper-
tures.

b) In lots of hundreds of plates taken from
thousands the properties between apertures of
a given or different plate are approximately
within +35 per cent of an average value.

c) The hysteresis loop around each aperture has
good rectangularity.

d) At 330 ma drive the flux reversal around each
aperture occurs in 2 usec and produces a peak
voltage of 30 millivolts. The energy stored per
bit is less than 2 X 10-3 joules.
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2) The fabrication, the testing, and the assembly of
the memory plates is relatively simple and eco-
nomical.

3) The memory plates can be used with conventional
two-to-one current coincidence drive. This is par-
ticularly suitable for compact, lower power con-
suming, transistor driven, memories of relatively
small capacity.

4) A new method is proposed of driving memories
particularly suitable for plates. The memory
plates are driven by an “end-on” switch itself
made of plates. The switch operates in a “set-a-
line” and “flux-limited” fashion and the memory
uses plates in “push-pull” operated pairs. This
results in a mode of operation permitting fast
access, large storage capacities, and allowing large
tolerances in the timing and amplitudes of driving
currents. The systems of switching developed for
the plate memory have broader utility. The use of
a pair of memory cores driven by a switch core of
limited flux may find applications in fast core
memories and logic circuits.

We ventured to predict three years ago® that micro-
second random access memories with capacities reck-
oned in millions of bits, megabits, would be available at
a relatively low cost in a distant future. We believe that
the ferrite aperture plate is now ready to usher in the
era of such memories. It will follow the present era of
Core memories with capacities of hundreds of thousands
of bits. But the demand for larger and faster memories
is incessant and we may look forward to the develop-
ment of new techniques making possible storage of
billions of bits.
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Stability and Power Gain of Tluned Transistor
Amplifiers®

ARTHUR P. STERNY, SENIOR MEMBER, IRE

Summary—The transistor is a nonunilateral device which, if ap-
propriately terminated, can become unstable at frequencies where
its “‘internal feedback” is sufficiently large. At such frequencies, the
maximum power gain is infinite and the transistor may oscillate.
This paper discusses the maximum power gain realizable as a func-
tion of a required degree of stability.

A “stability factor” is defined in terms of the transistor parame-
ters and terminations (the admittance matrix is used as an example,
but the approach is analogous using other representations). The
maximum stable power gain of an isolated amplifier stage and the
terminating admittances required for the realization of this maximum
power gain are then computed as functions of the stability factor.
The computations are extended to include bandwidth requirements
and limitations. (It is found that, although bandwidth requirements
may impose limitations on the power gain, there is no simple rela-
tionship tying together bandwidth and power gain.) The treatment of
multistage amplifiers is outlined with the conclusion that the gain
realizable in an n-stage amplifier is smaller than n times the gain of
a one-stage amplifier having the same stability factor as the stages
of the n-stage amplifier. The respective advantages of different repre-
sentations for different circuit configurations are discussed.

In an appendix, the theoretical considerations are applied to
tuned transistor amplifiers in common-emitter and common-base
configurations. The stability factor is related to the tolerances in
transistor parameters and terminating impedances. Examples are
given for the maximum realizable stable gain as function of parame-
ter tolerances.

INTRODUCTION

RANSISTORS are nonunilaleral devices; a signal
T applied to the output port of a transistor amplifier

results in a response at the input port. The exist-
ence of internal feedback is expressed by the fact that, if
the transistor is described by the “z,” “y,” “h,” or “g”
matrices, the matrix element having the subscript 12
(i.e., 212, Y1z, hrz, or g1o) is different from zero.

If properly terminated at its ports, a device having
sufficient infernal feedback may become unstable (i.e.,
may oscillate) even in the absence of external feedback.
For example, in the “tuned plate-tuned grid” vacuum
tube oscillator, feedback is provided entirely by the
grid-to-plate capacitance of the tube.

It has been shown!? that transistors exhibit potential

* Original manuscript received by the IRE, August 15, 1956; re-
vised manuscript received, November 13, 1956.

Presented at WESCON Convention, Los Angeles, Calif., August
21-24, 1956.

t Electronics Lab., General Electric Co., Syracuse, N. Y.

1]. G. Linvill, “The Relationship of Transistor Parameters to
Amplifier Performance,” presented at the IRE-AIEE Conference
on Transistor Circuits, Univ. of Pennsylvania, Philadelphia, Pa.;
February 17, 1955.

J.G. Linvilland L. G. Schimpf, “Design of tetrode transistor am-
plifiers,” Bell Syst. Tech. J., vol. 35, p. 813; July, 1956.

2 A, P. Stern, C. A. Aldridge, and W. F. Chow, “Internal feedback
and neutralization of transistor amplifiers,” Proc. IRE, vol. 43, pp.
838-847; July, 1955.

instability within certain frequency ranges. The fre-
quency range of potential instability is different for the
three transistor configurations (common-emitter, -base
and -collector).?

At frequencies where the transistor configuration is
unconditionally stable (i.e., where the transistor cannot
become unstable, no matter what passive terminations
are used), the maximum available power gain can be
calculated.! However, at frequencies, where potential
instability exists, the transistor may oscillate and the
maximum power gain is infinite. Consequently, at such
frequencies, the unqualified “maximum available power
gain” is not a very useful concept. On the other hand,
engineers engaged in the development of transistor
circuitry do know very well that a practical measure for
the maximum power gain realizable in a stable amplifier
is indeed useful and very much needed. Furthermore,
experience shows that such a maximum stable gain does
actually exist.

Various attempts have been made to define a practical
measure indicative of the maximum realizable power
gain. For example, it has been shown that the transistor
has a finite maximum gain if conjugately matched at its
output, the termination at the input being either a pure
resistance* or a resistance in combination with a re-
actance tuning out the reactive component of hy® It
also has been thought that the “neutralized gain” may
be a useful measure of stable amplifying capability and,
besides other expressions, Mason’s U function® has been
suggested as a practical indication of attainable stable
power gain.

These and other approximations for the maximum
realizable stable power gain have the common advan-
tage of presenting the practicing engineer with a meas-
ure useful as a reference. Their common disadvantage
lies in the fact that the physical conditions under which
these gain expressions can actually be realized are
chosen essentially arbitrarily and are quite different
from the situation most frequently occurring (and most
desirable) in practice: the case of an unneutralized
amplifier using impedance transforming (“matching”)
tuned circuits at both input and output ports.

3 A. P. Stern, “Considerations on the Stability of Active Elements
and Applications,” 1956 IRE CoNVENTION RECORD, Part 2, pp. 46—
52

¢ R. L. Pritchard, “High frequency power gain of junction tran-
sistors,” Proc. IRE, vol. 43, pp. 1075-1085; September, 1955.

5 W. N. Coffey and R. L. Pritchard, private communication.

8 S. J. Mason, “Power gain in feedback amplifiers,” IRE TRaNs.,
vol. CT-1, pp. 20-25; June, 1954.
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In order to obtain an expression for the maximum
realizable stable power gain which is clean and accepta-
ble from both practical and conceptual points of view,
it seems desirable to tie in the maximum realizable
power gain with a measure indicating the stability of
the amplifier. If this is done, the maximum power gain
is finite for stable amplifiers and can appear as a function
of the degree of stability of the amplifier.

The purpose of this paper is to discuss the maximum
power gain of transistor amplifiers using a measure of
stability which appears to be both simple and practical.
The following considerations can be applied directly to
other active nonunilateral two-port elements.”

THE StaBILITY FACTOR “B”

The following calculations make use of the “y” matrix
elements (the admittance parameters) of the transistor
and external circuit elements are represented as ad-
mittances. This procedure is arbitrary; analogous calcu-
lations can be carried out using the “z” matrix elements
and external impedances or the “A” (or “g”) matrix ele-
ments and suitable combinations of admittances and
impedances. It will be shown that these various repre-
sentations have their respective advantages depending
on the types of resonant circuits used in the tuned
amplifier.

If y;; are the admittance parameters of the transistor,
one can write, separating real and imaginary compo-
nents:

y1 = gu + by, (1)
Y2z = go2 + jbas (2)
Yy = M + jN. (3)
The absolute value of the “internal loop gain” (yyy)
is

L= | yxzyle = \/WIW (4)

It has been shown!=3 that if
L+ M= 2gug22 (5)

the transistor may oscillate without external feedback,
if properly terminated.

If the transistor is terminated by a generator admit-
tance Yo and a load admittance ¥V, (Fig. 1), both Vg4

S Tk

Fig. 1—Transistor with terminating admittances.

and Y, may be complex:

7 An approach similar to the one presented in this paper has been
used independently by G. Bahrs in his doctorai thesis at Stanford
University, Stanford, Calif.
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Y6 =Go+ jBg (6)
Yi=GL+ jB;. (7N

The transistor and the conductive components of the
terminating admittances can be considered as constitut-
ing a new two terminal pair element C (Fig. 2). Applying

Fig. 2—Transistor and conductive terminating components
forming composite network C.

inequality (5) to C, one finds the condition of potential
instability:

L+ M2 2(g1 + Go)(ges + G1). (8)

Note that (8) does not imply actual instability: in
order that the arrangement be actually unstable, C must
be terminated by suitable susceptances Bg and Bj.
However, in most tuned amplifiers, the terminating (or
coupling) susceptances are variable and are actually
varied when “tuning up” the amplifier. In arrangements
having reasonably narrow band, the terminating sus-
ceptances will assume a wide range of values. Conse-
quently, it can be assumed that, in most cases, during
the tuneup procedure, Bg and By will assume values
resulting in oscillation, provided that (8) is satisfied.
Therefore, for many practical purposes, it can be stated
that, if (8) is satisfied, the amplifier is not only poten-
tially unstable, but is very likely to become actually un-
stable.

Unconditional stability can be achieved if

(g11 + Go)(g22 + GL) > (L + M)/2. ©)
In other words, for stability, one requires
(g + Go)(gae + GL) = k(L + M)/2 (10)

where k> 1. The larger &, the more remote is the likeli-
hood of instability. Consequently,  can be considered
as a measure of stability and will be called stability
Jactor.

For any individual transistor, whose parameters are
known, stability can be achieved by chosing Gg and
G such as to make k slightly larger than 1. However,
considering that transistor parameters (i.e., the ¥ii)
vary with transistor age, dc bias, temperature, etc., that
transistors belonging to the same type have slightly dif-
ferent parameters and, finally, that certain variations
in G¢ and G must also be tolerated (especially if the
terminations are other transistor amplifier stages), it is
usually desirable to design the amplifier with 2 well in
excess of unity in order to insure interchangeability of
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components and stability under all reasonable condi-
tions of operation. (Values of &2 up to 10 may be desira-
ble, depending on the various tolerances involved.)

An infinite number of combinations of G¢ and G, cor-
respond to the same value of 2. Although the degree of
stability of all these arrangements is the same, they
may lead to different values of power gain. In the fol-
lowing section, the power gain will be maximized for a
given value of k.

ANALYVYSIS OF A ONE-STAGE AMPLIFIER
The Power Gain

The transducer gain Gr is defined as the ratio of the
power delivered to the load admittance Y to the avail-
able power of the generator having an admittance Y.
The transducer gain is:

4 | Y21 IQGGGL

Gr = . : (11)
| (yu4+ Va)(vee + V1) — yizyn |2
Defining:
gu + Ge = Gy, (12)
g2 +GL =Gy (13)
b+ Be = By, (14)
bea 4 Br = By, (15)
one finds for a given stability factor k:
Gy = k(L + M)/2G,. (16)
Then, the transducer gain is:
cr N _ 4|y 12[R(L 4+ M)/2Gs — gul(G2 — g22) an

D [BiB:— k(L + M)/2+ M]?
+ [B\G: + Bak(L + M)/2G, — N2

It is desired to find the value of G: which leads to
maximum Gr for a given k. In order to find Gr as a
function of G: alone, it is convenient to eliminate the
two other variables B; and Bs. Since B; and By occur
only in the denominator D of (17), this can be done by
determining the values of B, and By which minimize the
denominator. [t should be remembered that, B; and B,
representing susceptances, must he positive or negative
real numbers.

The process of minimizing D in (17) can be simplified
by a change of variables. One defines

y1 = BiGs + Bok(L + M)/2G, (18)
y2 = B\B. (19)
D can then be written:
D= (y»— AP+ (y1 — N)? (20)
where
A=kL+ M)/2—- M. (21)
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Note that for > 1, 4 is always positive. B, and B, can
be expressed in terms of the new variables y;, and y,:

By = (y1 + vA)/2G, (22)
By = (31 — VA)Gy/ k(L + M) (23)

where
A=y — 2k(L+ M)y, (24)

Since G; and k(L 4- M) are always real numbers, B, and

B, will be real, whenever
Az 0. (25)

In the y,—y. plane, the curve A =0 separates the re-
gion of real values of B; and B; from the region in which
these quantities are complex. The equation

A= y?2—2kL+ M)y,=0 (26)
is that of a parabola in the y;—y. plane (Fig. 3), the

Y2

Fig. 3—Parabola separating region of complex B; and B, (shaded)
from region in which B; and B; are real,

shaded area “inside” the parabola representing the re-
gion of complex values of B; and B, and the area “ex-
ternal” to the parabola being the region of real values of
B, and B,.

In a three-dimensional coordinate system with axes
D, y, and y,, (20) represents a paraboloid of revolution,
whose axis is perpendicular to the y,—v. plane and
intersects this plane at the point Q(&V, 4). In the same
space, (26) is that of a parabolic cylinder. [Fig. 4 shows
the parabola (26) and the projection of “constant D
circles” on the y,—y, plane] The “interior” of this
cylinder is the space within which D cannot lie if B; and
B, are real and one is interested to determine the mini-
mum value of D “outside” the parabolic “wall.” [The
vertex Q of the paraboloid having coordinates (NN, 4),
where A4 is always positive for k> 1, will be “inside” the
parabolic cylinder, since it corresponds to infinite gain,
which of course, is excluded, in view of the assumptions
regarding stability.]

An analysis of the geometrical situation shows that
the minimum of D (.e.. the maximum of the gain) will
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Q(N,A)

> ¥,

Fig, 4—Parabola (26) and projections of constant D
circles on the ¥, —v. plane.

occur along the intersection of the paraboloid with the
parabolic cylinder. In Fig. 4, circles with increasing
diameter correspond to increasing values of the de-
nominator D (and, consequently, to decreasing values
of the gain). The minimum realizable value of D with
real B; and B, occurs where a circle is tangent to the
parabola, i.e., at a point common to both paraboloid and
parabolic cylinder. Geometrical considerations also
show that two cases are possible:

1) If the location of the point Q(N, 4) is such as
shown in Fig. 5(a) (with only one point Py at which a
circle corresponding to constant D is tangent to the
parabola), the intersection of the paraboloid and the
parabolic cylinder has one minimum at point Py corre-
sponding to D =D,

Y2

(('m NA) \\
[ ]
.
Y

L
Py w

Fig. 5—Situations leading to one minimum (a) and
three extrema (b) respectively.

2) If there are three points at which “constant D
circles” are tangent to the parabola, there is a minimum
at P, corresponding to a low value D, of D. There is a
second minimum at P, corresponding to the higher level
D, of D and there is a maximum at P, corresponding to
an even higher level D, of D. In this case the maximum
gain is given by the smaller minimum occurring at P,.

These qualitative considerations can be put into
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quantitative form. Since D, occurs along the intersec-
tion of the paraboloid with the parabolic cylinder, one
must determine the minimum of (20) with condition
(26).

Defining the variable z as

2= y/VEL+ M) (27)
D can be written:
D = 2¢/4+ [R(L+ M) + 2M |3%/2
~2NVERL + M)z + A* 4+ N2 (28)
The minimum of D can be found by setting
0=dD/dz =3+ [R(L+ M) + 2M]z
— INVE(L + M). (29)

As expected from the foregoing qualitative analysis,
(29) leads to two possibilities:

1) (29) has one real root 2, the other two being con-
jugate complex. In this case zy corresponds to D,.

2) (29) has three real roots. Two roots (zo and z,)
represent minima of D, z, corresponding to the smaller
minimum, while the third root (z;) is a maximum.

In either case, 3y leads to the maximum realizable
gain. Substituting 2, into (28), the minimum value D,
of D is found. Note that, since both 2, and D are func-
tions of £ and (yuya) only, Dy depends only on £ and
(y12yn1) and is independent of other transistor parame-
ters and of conductive terminations.

Assuming now that D, is known, the gain (maximized
with regard to B; and B,) can be written:

Gr = (4| 321 |*/Do) [K(L + M)/2G> — gu](Gz — g2). (30)

Generator and load conductances are assumed to be
positive and one must have G;> g and Gy > gop. In other
words:

EL 4+ M)/2g1: > G2 > §22- (31)

Setting dGr/dG, =0, one finds that for maximum realiz-
able power gain:

G: = VEL F M)/2+/g22/ g1 (32)
and, using (16):
Gy = VKL + M)/2+/g11/ 82 - (33)

Substituting these expressions into (30), the maximum
realizable gain, corresponding to the stability factor %,
is found:

Gmnx k= (4I 43! I2/D0) [‘\/k(L + M)/2 - ‘\/g11g22]2- (34)

Eq. (34) expresses the maximum power gain realizable
with a given stability factor k. As k increases, Gmaxu
decreases. Consequently, one can say that increased
stability can be achieved by sacrificing gain. It is, how-
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ever, important to know, that moderate gain does not
necessarily imply improved stability: k is determined by
the product (G,G:) and this product can be chosen such
that while & is small (close to instability), the gain is
also small due to a disadvantageous ratio (Gi/G.). In
this case gain is sacrificed without improvement in
stability.

From (32) and (33) the required values of the termi-
nating conductances are found:

Ge = G, — gn

= gu[VEL + M)/2/V/gnge — 1) (35)
GL =Gz — g

= gu|VEEL F M)/2/gngs — 118 (36)

The required values of the susceptances can be deter-
mined, using (22), (23), and (27):

B1 = Ba + bu == G;Zo/\/k(L + M) (37)
= 5oV k(L + M)/2G,
Bz = BL + bzz = GzZo/‘\/k(L + M) (38)

where G, and G, are given by (32) and (33). Eqs. (37)
and (38) show that B; and B: have identical sign (that
of 2¢). This, of course, is not necessarily true for B¢ and
Bj.

BANDWIDTH LIMITATIONS

The preceding computations were carried out without
regard to possible selectivity requirements. In reality,
however, when designing a tuned amplifier, the band-
width requirements are very important and, usually,
the following problem must be solved: “design a stable
amplifier with given center frequency and bandwidth
and obtain as high gain as possible.”

Simple considerations show that realizing the maxi-
mum gain imposes certain limitations on the bandwidth
and, on the other hand, requiring a certain bandwidth
imposes certain restrictions on the gain. These limita-
tions belong to two categories:

1) Limitations due to the transistor (device limita-
tions) and
2) Limitations due to external circuit elements.

Some aspects of the gain vs bandwidth relationship
can be explained by considering the transistor termi-
nated by synchronous single tuned circuits. Since the
y parameters were used in the preceding calculations,
it is convenient to use parallel tuned circuits, as shown
in Fig. 6. It is assumed that the transistor parameters

8 Egs. (35) and (36) show that Gg and G, will be positive if the
bracketed expressions on the right hand side of these equations are
positive, 1.e., if the stability factor k of the terminated amplifier ex-
ceeds the stability factor ko of the unloaded amplifier. If the unloaded
am;iliﬁer is stable in itself, for positive terminations, one must have
k>k.
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\-V—I \w—l
Bg BL

Fig. 6—Transistor with parallel tuned terminations

are frequency independent throughout the frequency
band of interest.

The device limitations can be understood gualitatively
in the following manner. The values of Gg and G, lead-
ing to maximum gain are given by (35) and (36). Maxi-
mum gain will be realized only if the values of B; and
B, are those given by (37) and (38). Considering now,
say, the output selectivity one may assume, for example,
that the required value of Br(=B,;—b) is positive.
This implies that the load susceptance must be ca-
pacitive and since the load consists of Lz and C. in
parallel, the required value of By can be realized only
if woCr> (Ba— ba), wo being the center frequency of the
amplifier. Consequently, for maximum gain the tuned
circuit must contain a capacitance Cp exceeding the
value of (Bs— bs)/we. However, this and the possible
capacitive component of the transistor driving point
admittance impose an upper limit on L;. This results
in an upper limit of bandwidth realizable with the
maximum gain given by (34). If larger bandwidth is
required, a smaller capacitance Cy, will be used, implying
that the denominator of the gain expression in (17) will
not be D, but larger and, therefore, the gain will be
reduced. Similarly, if By is required to be negative,
meaning an inductive load susceptance, there is a maxi-
mum admissible value of L. This again imposes an
upper limit on the bandwidth realizable with the calcu-
lated maximum gain. Analogous considerations do ap-
ply, of course, to the input selectivity.

The bandwidth limitations resulting from device
properties are not important in the case of most ampli-
fiers having reasonably narrow bandwidth. Their ana-
lytical treatment is complicated and will not be dealt
with here.

The limitations imposed by the required bandwidth
upon the realizable gain due to external circuit elements
are caused by the finite “Q” of practical inductances and
can be calculated.

In the circuit of Fig. 7, g and g.» represent the

IX1 A ——  9x2
Bg B,

Fig. 7—Transistor with tuned circuits having finite 4Q.”

equivalent parallel loss conductances of inductances L,
and Li. Qo being the “unloaded Q” of the inductances
and assuming that Qo = Q2 =y, one has:
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QO = l/wongzl = l/wongﬂ- (39)

The transistor is still treated in terms of its y parame-
ters but the loss conductances g.; and g.» are considered
to be parts of g and g respectively. One has:

(40)
(41)

g = gu' + g=1
822 = gn' + 82

where gi;’ and gz’ are the short circuit input and output
conductances of the transistor itself. The transducer
gain is:
Gr = (4] yu|*/Do) [R(L + M)/2Ge
—gu' — gzl](Gz — g2’ — ga1). (42)
Assuming that the tuned circuits at the input and the
output are synchronously tuned but may have different

fractional bandwidths B®™ and B? (B =Aw/w,, where Aw
is the 3-db bandwidth):

BM = (Gg + Gin) /Qog =1
B® = (G, + Gout)/Qog z2-

(43)
(44)
Gin and Gy are the conductive components of the tran-

sistor driving point admittances when the transistor is
terminated.

Gous = g — (MG, + NB))/(Gi* + B,?).  (43)
Using (37) and defining:
_ M+ N/VEL+ M) o
14 2/ [K(L + M)]
one finds:
Gour = g2 — 12W/K({L + M)]Ge. (47)
Similarly:
Gin = gu — (MGy + NB)/(G2* + B.?). (48"
Using (38), one finds:
Gin = gu — W/Gs. (49)

Eqs. (48) and (49) can be substituted into (43) and (44),
yielding:

B® = k(L + M)/2G:Qug1]|1 — 2W/K(L + M)] (50)
B® = [G2/Qogs2]|1 — 2W/k(L + M)]. (51)

Substituting g.; and g.2 from (50) and (51) in the gain
expression (42), Gr is obtained as a function of G. alone.
Equating (dGr/dG:) to zero, the value of G, leading to
maximum gain is found:

Gy = VE(L + M)/2+/(1 — P/QuBM)/(1 — P/QeB®)

'\/gzz'/gn'- (52)
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The corresponding value of G; is:

Gi= VKL + M)/2+/(1 — P/QuB®)/(1 — P/Q:B™)
“Vgu'/ge’. (53)

where:

P=1-—2W/kL+ M). (54)

Substituting G in expression (42), the maximum realiz-
able gain is:

Gmax.k= (4 | Va1 |2/D0) [‘\/(k/Z)(L+ M)
A= P/QB®) = P/0:B®) — gi g I (55)
If BM=B(%) =B, (55) becomes:

Gumaxk = (4] 921|/Do)[(1 — P/QuB)V KL + M)/2
- \/gu'gn']’.

Egs. (55) and (56) show that the finite Q of external
circuit elements reduces the maximum realizable gain
at small bandwidths, whereas the device limitations
have been shown to reduce the maximum realizable gain
at large bandwidths.

(56)

MULTISTAGE AMPLIFIERS

The method used in the previous sections to deter-
mine the maximum realizable transducer gain maintain-
ing a given degree of stability can also be applied to
multistage amplifiers. In such amplifiers, interstage
coupling is usually performed by “impedance matching”?
tuned transformers. The problem is to determine the
turns ratio m of the transformers and the conductances
terminating the amplifier at its input (Gg of the first
stage) and its output (G of the last stage) terminal
pairs. When carrying out such calculations for multi-
stage amplifiers, the following points should be ob-
served:

1) The expression to be maximized is the transducer
gain of the amplifier. The transducer gain of the
multistage amplifier is, however, not the product
of the transducer gains of the individual stages,
but is the transducer gain of the first stage multi-
plied by the product of the actual power gains of
the remaining stages.

2) The interstage transformer having turns ratio m
transforms impedances in both directions. There-
fore, since individual stages are terminated by the
transformed driving point admittances of adjoin-
ing stages, load and source admittances of indi-
vidual stages cannot be chosen independently. The
condition for maximum over-all gain of the ampli-
fier, all stages being operated with a certain de-

? The word “matching” is inappropriately used in an amplifier

with prescribed stability factor £, since, in order to insure stability,
the stages are deliberately mismatched.



1957

sired stability factor k, does not imply that the
individual stages are operated for maximum indi-
vidual gain. Consequently, the maximum over-all
gain of an n-stage amplifier, all of whose stages
have the stability factor &, is less than » times the
maximum gain realizable with a single stage hav-
ing the same degree of stability.

It should be mentioned that, already in the case of
two-stage amplifiers (the analysis of which is outlined in
Appendix 1I) the algebraic and numerical evaluation of
the equations becomes exceedingly involved. The com-
plete evaluation of such or more complicated cases (for
example, that of iterative stages) should be handled
with the aid of appropriate computing machinery.

THE UsiE oF DIFFERENT MATRIX
REPRESENTATIONS

In the preceding sections, the discussion was based
on the use of the admittance parameters. Since condi-
tion (5) can be stated in analogous form in terms of the
“z,” “p,” and “g” parameters, all calculations could be
carried out in terms of these other matrix representa-
tions. In fact, the calculations could have been carried
out in terms of generalized “k” parameters, provided
that the generator immittance is given the dimension of
k1 and load immittance the dimension of kg,.

However, the different matrix representations have
their respective advantages, depending on the nature of
the terminating (or interstage coupling) tuned circuits.
The following sets of parameters should be used with
different types of tuned circuits:

1) y parameters with parallel tuned circuits at input
and output (or parallel-parallel interstage net-
works)—see Fig. 8(a).

2) gz parameters with series tuned circuits at input
and output (or series-series tuned interstage net-
works)—see Fig. 8(b).

3) k parameters with series tuned circuit at the input
and parallel tuned circuit at the output (or
parallel-series tuned interstage networks)—see
Fig. 8(c).

4) g parameters with parallel tuned circuit at the
input and series tuned circuit at the output (or
series-parallel tuned interstage networks)—see

Fig. 8(d).

With transistors, cases 1) and 3) have practical im-
portance. Cases 2) and 4) are almost never used because
the transistor driving point immittances would lead to
inconvenient values of inductances and capacitances.

Some numerical calculations are carried out in Ap-
pendix I, using the & parameters.

CONCLUSION

It has been shown that using an appropriately defined
“stability factor” k, the “maximum gain” of a transistor
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Fig. 8—Various tuned amplifier configurations,

amplifier is a meaningful concept even at frequencies
where the transistor exhibits potential instability. The
maximum gain corresponding to a given stability factor
k has been computed for a one-stage amplifier having
tuned generator and load admittances. The gain limita-
tions dpe to bandwidth requirements have also been
discussed for this case.

APPENDIX |
SoME NUMERICAL EXAMPLES

We consider a transistor having the following nominal
device parameters:

Low-frequency common-base short circuit current
amplification: ao=0.99.

Cutoff frequency of the common-base short circuit
current amplification: w,/27 =10 mc.

Collector capacitance: C.=10 uuf.

Base spreading resistance: 7;’ =100 ohms.

Emitter diffusion resistance (at 1-ma emitter cur-
rent): r,=25 ohms.

We are interested in the maximum power gain
realizable with this transistor in common emitter con-
figuration with various given values of the stability fac-
tor k. The operating frequency is assumed to be
w/27=0.5 mc and, consequently: p=w/w, =0.05.

The circuit used is shown in Fig. 9 and calls for the

Re Le¢ Cg
sﬂ@%

Fig. 9—Common emitter circuit with series tuned input
and parallel tuned output.

A

c L,

use of the k parameters. Using the approximate
equivalent circuit of Fig. 10 the parameters of interest
can be calculated.

The real component of hy, is:

rin =2 ry + 11 — aq)/p* =2 200 ohms, (57
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Fig. 10—Approximate equivalent circuit of a junction transistor.

The real component of kg is:

g22 =2 w,Ce =2 6 X 1074 mhos, (58)
The “internal loop amplification” (hohs) is:
huhzl =~ [wacc’c + jwaccfc(l - ao)/p](l/jp) (59)

= 0.06 — 7 0.3.
The device is potentially unstable, since
[ #aakar| + Re (Br2har)]/2220.19 > 71182222 0.12. (60)

The choice of & depends on the admissible tolerances
in device parameters and in the load. For the nominal
parameters and corresponding terminations we want to
have

(R, + 1) (GL + g22) = k|| hashar| + Re (Brshar)]/2. (61)

Since Im (Aha)>Re (Bisha), the right-hand side of
(61) will vary like [see (59)]

Im (7ighay) =2 w0 Cor o/ w. (62)

We may, for example, assume that w,, C., 7, will each
have a tolerance (in the upper direction) of 3 per cent.
Furthermore, we may assume that the two factors in
the left-hand side of (61) will vary by no more than 3
per cent each in the lower direction (these tolerances
are too small to be realistic and they are also inexact,
since both ry; and g, are functions of the device parame-
ters). We would then require k=%(1.03)*=1.2. Com-
puting the corresponding maximum gain, we find

Gm-x.l.z g 36 db-

By increasing the tolerances to, say, +10 per cent in
each factor on the right-hand side of (62) and to —10
per cent on the left-hand side of (61), we require
k1.7, leading to

Gmax,l.7 .%‘./ 33 db-

By increasing the tolerances even further, to 430 per
cent in w, and 7, 450 per cent in C,, —10 per cent in
(Ge+gn) and (Gr-+gu), we require k=24. This leads to

Gumax,s = 30 db.

A further increase in tolerances may require k=8 and
leads to

Gmax,s = 28 db.
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The example shows that the tolerances in device pa-
rameters (w., C.), emitter current (r, is principally a
function of the emitter current) and terminations
(Gg and G1) have considerable influence on the maxi-
mum realizable stable gain.

Similar calculations can be carried out for the common
base stage. Here we have:

711 = 7, =£ 25 ohms (63)
g2z =2 w?C.Pry’ =2 107" mhos (64)
hiohey =2 — joCory'ao = 3.1072, (65)

The device is potentially unstable, since:
[| Rrzhar| + Re (huzhar)]/2 =215 X 10-4
rige =2 25 X 1077,

Calculating the maximum gain for the same values of
E as in the common emitter case, we find:

k=12 Gumax,1.2 = 44 db
k=17 Gmax,1.7 = 36 db
k=40 Gmex,a =2 28db
k=80 Gmax,s =2 25db.

Note that in the common base case, these values of &
correspond to different tolerances in the device parame-
ters than in the common emitter case. With the particu-
lar set of device parameters chosen, the common base
gain is higher for low (impractical) values of k, whereas
at higher values of %, the common emitter gain is
superior. .

Note furthermore, that for a different circuit (for
example, if parallel tuned circuits are used at both input
and output, where the y parameters should be employed
instead of the h parameters used in the above exam-
ple), different values of & will correspond to the same
permissible tolerances in the device parameters and dif-
ferent values of maximum gain may be realized.

AppPENDIX II

QUTLINE OF THE ANALYSIS OF A Two-
STAGE AMPLIFIER

The schematic circuit of an amplifier consisting of two
stages T and Ty is shown in Fig. 11,
We designate by:
Pg=the power available from source Yg.
P =the power delivered to load ¥;.
P;;=the power delivered by T to To.
Graota1=the transducer gain of the two-stage
amplifier.
G =the transducer gain of Ti.
Gpy=the actual power gain of Ty (=power de-
livered to ¥ divided by input power of
Ty).
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Fig. 11—Two stage amplifier with interstage impedance transforma-
tion (in practice the ideal transformer would, of course, be part of
the coupling susceptance).

Then:
Py

Gr.iotal = — =

Pg

Py P
Pg Py

= GTl 'sz. (66)

Defining G and G, in the sense used throughout the
body of this paper and indicating by a second subscript
whether the quantity considered belongs to T or T3, one
has according to (10) and (30):

4'| y21|2

Gr, = (Gu - gu)
0
k(L + M) ]
——— - . 67
[ 2. g2z (67)
The power gain of T, is:
2 G —
Gra | y21| ( 22 gzz) (68)

B g11[G22? + Ba2?] — MGas ~ NBos

For any given value of Gz, Gpg will be maximum if

By = N/Zgu. (69)

Substituting (69) into (68), Gp; can then be written:

_ 4g1 | 21 4G — g22)

Gpy =
P’ (2g1:G22 — M)? — L?

(70)

The transducer gain of the complete amplifier is:
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16311 I Y21 l"

KL+ M
— (Gu — gu) [_(—) - gzz:l

2Gn

(71)

.(ZguGzz - JM)2 - L2

The load admittance of T} is (1/m?) times the input ad-
mittance of T and the generator admittance of T3 is m?
times the output admittance of 7). Furthermore, the
same stability factor is required for both stages and (10)
applies to both stages. In view of (69) and (46) one can
write:

21 =

k(L + M) 1 MGs: + N%/2gn

— =g+ —\gu— L1 (72)
2G1 m? Ge2? + N%/4g.,2

and

k(L + M)

w
Ge=—"——=gu+t+ m2<gzz = G—>

(73)
2G22 11

These two equations establish relationships between
Gr(=Ga—gn), Ge(=Gu—gu) and m. m can be elimi-
nated by multiplying (72) by (73). One finds:

[k(L+ M) :H:k(L+ M) ]
26 j481 26, 822

3 ( E) ( MGa + N2/2811> (74)
B2 T G 8" T Gt + Nvag/

Eq. (74) relates Gy to Ga: (or G to Gg). One of these
quantities can be expressed as a function of the other
and substituted into the gain expression (71). Then, in
principle, the maximum over-all transducer gain can be
determined. It is, however, obvious that this procedure
involves computational difficulties due to the compli-
cated nature of the resulting gain expression.
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Ferrod Radiator System”
F. REGGIAY, ASSOCIATE, IRE, E. G. SPENCER{, R. D. HATCHERT, anp J. E. TOMPKINSt

Summary—Commercially available ferrites with low dielectric
and magnetic losses at microwave frequencies have brought about
the development of ferrod radiator systems for 3-cm wavelength.
These ferrites are, in general, characterized by high dielectric con-
stants (approximately 13) and initial permeabilities slightly less than
unity. The use of these ferrimagnetic materials as ferrite rod (ferrod)
radiators considerably reduces the physical size of microwave antenna
systems.

The high dielectric constant of the ferrite allows the diameter of
the radiating elements of circular cross section to be approximately
% inch for 3-cm wavelength use. This makes possible magnetic
coupling of the ferrod radiator from resonant cavities or from the
narrow side of standard rectangular waveguides to obtain various
types of linear arrays. A short feeding section (% inch long) is used
to support and lock the position of the ferrod. This device simplifies
adjustments and reduces the mechanical tolerances necessary for
the ferrod radiators.

Microwave ferrites are also characterized by a tensor perme-
ability! which changes with applied magnetic field. This phenomenon
is used to change the magnetic properties of the ferrod radiator to
obtain electrical switching, scanning, lobing, changes in polarization,
and amplitude or phase modulation of the radiated energy.

Phase shifters, switches, and circulators, which consist of short
sections of ferrite-filled cylindrical waveguide, have also been de-
veloped for use with the ferrod radiator system.

INTRODUCTION

HE BASIC IDEAS of radiating short wavelength
Tradio waves from dielectric media date back to

the work done by Lord Rayleigh? in 1895. These
ideas consist of shaping a length of dielectric material
to control the phase and amplitude of the radiated
energy.

Essentially, this is what was done to the ferrods which
were used as radiating elements of 3-cm wavelength
antenna systems developed by this laboratory.

An exact analysis of the operation of these ferrod
radiators involves the solution of Maxwell’s equations,
subject to all the boundary conditions and parameters
describing the ferrod. Its mathematical complexity is
beyond the scope of this paper. For most engineering
applications, however, a satisfactory explanation of its
operation can be obtained by establishing analogies
with array theory and with existing theories of trans-
mission through uniform dielectric rods of circular cross
section.

A good treatment of the theory of electromagnetic
wave propagation along dielectric rods is given by

4

* Original manuscript received by the IRE, December 7, 1956.

t Diamond Ordnance Fuze Labs., Washington, D. C.

L E. G. Spencer, R. C. LeCraw, and F. Reggia, “Measurement of
microwave dielectric constants and tensor permeabilities of ferrite
spheres,” IRE Proc., vol. 44, pp. 790-800; June, 1956.

2 Lord Rayleigh, “On the passage of electrical waves through
tubes or the vibrations of dielectric cylinder,” Phil. Mag., vol. 43,
pp. 125-132; February, 1897.

Kiely? and McKinney.* These two surveys have been of
particular help in determining the parameters necessary
for obtaining good radiation characteristics. They also
contain complete bibliographies of the literature avail-
able on dielectric-rod radiators.

Treatments of electromagnetic wave propagation in
magnetically anisotropic media are given by Kales® and
Gintsburg.® A similar treatment with the addition of
graphical solutions of the transcendental equations in-
volved in certain cases is given by Suhl and Walker.?
Wave propagation in an infinite, magnetized ferrod is
also being studied at this laboratory.

FERROD RADIATOR SYSTEM

A basic ferrod antenna system for 3-cm wavelength
is shown in Fig. 1. It consists of a ferrite radiating ele-
ment, a low current modulating coil, a short section of
cylindrical waveguide for supporting the ferrod, a
simple wire mode filter, and a short section of rectangu-
lar waveguide used to excite the ferrod radiator. The
length of the entire system is approximately 5 inches.

r §" APPROX. 1
\

£-FERROD

STANDARD RECTANGULAR WAVEGUIOE

Fig. 1—Ferrod radiator system for 3-cm wavelength.

The radiating element used is a commercially avail-
able low-loss ferrite® which is properly shaped to give
maximum radiation along its axis and minimum radi-
ated power in the side lobes. The total length of the
ferrod is 4.5 inches, and its diameter is 0.25 inch.

The ferrite-filled section of waveguide has an inside
diameter of % inch, and is approximately 2 inch long.

3 D. G. Kiely, “Dielectric Aerials (Methuen’s Monograph),” John
Wiley and Sons, Inc., New York, N. Y.; 1953.

4+ C. M. McKinney, Jr., “Dielectric Waveguides and Radiators,”
Bumblebee Rep. No. 138, Defense Res. Lab., Univ. of Texas, Austin,
Texas; 1950.

® M. L. Kales, “Modes in waveguides containing ferrites,” J.
Appl. Phys., vol. 24, pp. 604-608; May, 1953.

¢ M. A. Gintsburg, “On waves in a gyrotropic medium,” C. R.
Acad. Sci. (URSS), vol. 18; 1954. For English translation see
Columbia Technical Translations No. 4, vol. 18, pp. 136-154; 1950.

7 H. Suhl and L. R. Walker, Bell Sys. Tech. J., vol. 33, pp. 579,
939, and 1133; 1954.

® General Ceramics R-1 Ferrite. A complete description of its mi-
crowave properties is given by Spencer, LeCraw, and Reggia, op. cit.
See also R. C. LeCraw and E. G. Spencer, “Tensor permeabilities of
ferrites below magnetic saturation,” 1956 IRE CoNVENTION REc-
ORD, Part 5, pp. 66-74.
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The mode filter, 0.020 inch thick and approximately
0.060 inch wide, goes through the ferrite and makes
electrical contact to both sides of the circular wave-
guide. The low current solenoid,® 9/16 inch wide and
1% inch in diameter, required about 10 ma to operate.
These three components make up the “ferrite mode
switch” or modulating section of the system.

Operation of the mode switch depends upon the ferro-
magnetic Faraday effect!® of the ferrite which causes a
rotation of the plane of polarization of the microwave
energy incident upon the mode filter when a longitudinal
magnetic field is applied. When the polarization of the
incident wave is perpendicular to the length of the
mode filter, the wave propagates essentially unchanged.
Rotating the polarization parallel to the length of the
mode filter short-circuits the electric field, thus rejecting
the microwave energy incident upon it. Greater than
20 db switching is obtained with this modulation section
with control currents of 10 ma (H,=~40 oersteds).

Modulating frequencies in the kilocycle range have
been used with the system shown in Fig. 1. It is possible
to extend this frequency range up to a few megacycles
by techniques reported by R. C. LeCraw!!' of this
laboratory.

DEsiGN DaTa

Kiely® has shown the radiation pattern of a uniform
dielectric rod of circular cross section excited in the HE,,
mode to be given approximately by

L
(K — 1) sin’;— (K — cos 0)
0

Ey = cos

wd
—sinf
‘II‘L )\o
— (K —1)

K — cos 6) sin
( ) »

where

Ey=normalized electric field intensity
6 =angle between the axis of the dielectric rod and
the position where the electric field is being de-
termined
Ao =free space wavelength
A =wavelength in an infinite medium of the dielectric
L =length of the dielectric rod
d =diameter of the dielectric rod.

The value of K =Xo/N which gave optimum radiation
characteristics was determined analytically to be 1.1,
assuming no standing waves exist along the rod. To
make this assumption valid, it was necessary to taper
the rod to match the free space impedance. The calcu-
lated value of dnax for the tapered rod (see Fig. 1) was
found to be Ao/\/w(e—1), and the value of dmin was

» Advance Electric and Relay Co., Solenoid SEIC-1600 D. The
magnetic field is given by H (oersteds) =3.9 I(ma).

10 A, G. Fox, S. E. Miller, and M. T. Weiss, “Behavior and appli-
cations of ferrites in the microwave region,” Bell Sys. Tech. J., vol. 34,
pp. 5-103; January, 1955.

1R, C. LeCraw, “High speed magnetic pulsing of ferrites,”
J. Appl. Phys., vol. 25, pp. 678-679; May, 1954.
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found to be 0.63 dnax- The magnetic permeability u was
assumed to be unity in this analysis.

The cutoff frequency (f.) of a dielectric-filled wave-
guide of circular cross section operating in the TE;
mode is given by f=0.293 c/a\/ue where

¢ =velocity of light
a =radius of circular waveguide.

Using a ferrite with a relative dielectric constant € of
13.6 and a permeability u of 0.76 as the dielectric me-
dium requires that a diameter no smaller than 0.240
inch be used for dmax in the 9-10 kmc frequency range.
This is slightly larger than the diameter obtained from
Kiely’'s equation. Using this value for dmax, the value of
dmin was found to be 0.152 inch. Other parameters of the
ferrod radiator were determined experimentally, such
as the length of the taper which is a function of the
ferrod length and the length of the feeding section.

A comparison between the calculated and measured
values of the radiation pattern resulted in only approxi-
mate agreement. The largest discrepancies occurred in
the amplitude and position of the side lobes. This is not
surprising since existing theories are themselves only
approximate. Also, because of the high dielectric con-
stant of the ferrod, it is possible that some other mode
may be excited.

The small diameter required for the ferrod radiator
at 3-cm wavelength makes possible direct coupling from
the narrow side of a standard rectangular waveguide or
from a small resonant cavity. This simplifies the con-
struction of various types of arrays for obtaining radia-
tion patterns with more narrow beam widths.

A single ferrod radiator, properly shaped for optimum
radiation characteristics, is shown in Fig. 2. [t is coupled
from the end of a rectangular waveguide (1.0 X0.5 inch)
by a small locking device, also shown in the foreground.

>0

Fig. 2—Ferrod radiator with optimum taper.

This short feeding section (0.32 inch long) is designed
to support the ferrod radiator and to lock its position
after adjustment. It also reduces the machining toler-
ances necessary for the ferrod and minimizes the time
necessary to make final adjustments in the various
types of arrays. Impedance matching is accomplished
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by adjusting the length of the ferrod inside the wave-
guide, this adjustment being made less critical by a
short taper at the input end of the rod. Input vswr's less
than 1.2, over a 5 per cent frequency band, and half-
power beamwidths of less than 28° were not difficult to
obtain with this single radiator.

A conservative power rating for the ferrod antenna
is 20 watts of average power per rod. The maximum
rating depends upon the rf losses in the ferrite and its
environment. With presently available ferrites, it is
believed that this power handling capability can be
extended to 50 w. When only the dielectric property of
a ferrite, which is insensitive to temperature changes, is
made use of in the antenna array, it is expected that an
average power of 100 w per rod would have little effect
on the performance of the antenna.

LiNEAR FERROD ARRAYS

Several types of linear arrays with ferrods coupled
from the narrow side of rectangular waveguide have
been constructed. Two of these antennas are shown in
Fig. 3. This type of end-fed array is easy to construct
and its length can be extended to give radiation patterns
with more narrow beams. The individual elements are
spaced A, apart, resulting in maximum radiation along
the axis of the ferrods. The radiation pattern of this
broad-side antenna is a narrow fan-shaped beam. Small
matched loads or adjustable shorts are used to termi-
nate the section of the waveguide making up the array,
depending upon its length and application.

Fig. 3—Two linear ferrod arrays showing one method
of coupling.

Another similar type of linear array, but center-fed,
is shown in Fig. 4. The microwave energy is coupled
into the waveguide from the back of the array through
a small ferrite rotating-type switch. Thirty-db switching
and a half-power beamwidth of 7° were obtained with
this antenna system. Short matched loads are used at
each end of the waveguide section to minimize internal
reflections.

The positions of the ferrods with respect to the field
distribution in several linear arrays are shown in Fig. 5.
The ferrods are placed at positions of maximum mag-
netic field and minimum electric field. The positions of
electric field are indicated by crosses and dots at the
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Fig. 4—Linear ferrod array with ferrite switch
(or modulator) at input.

-

J & I —~FERROD i
e Ay ’ L

N, ‘\7 'f

i ‘

e,

1 ih

bhileie

— b'. e
o [ : OO O O ORI IR ,}
5 20 L5 B © &

LEEOMHTEO

5 (b)

€ "

/

B 7[ i,
T O T T H O TR T HOM ig PLLELE) Bl

=] =] K [u]
FERROD

(c)

Fig. 5—Linear arrays showing magnetic coupling
of ferrod radiators.

center of the magnetic loops (Hnia). Fig. 5(a) shows the
field distribution inside a TE,y; rectangular cavity-fed
array. The ferrod radiators can be coupled from either
the top (as shown) or the side of this low-Q cavity.

Stacking one linear array above another narrows the
beamwidth of the radiated energy in the vertical plane
and thus increases the gain of the system. Several ar-
rangements that were used are shown in Fig. 6. Phase
shifters may be used between the individual arrays to
insure in-phase excitation of all the radiating elements,
and matched loads are used where necessary.

Consideration has also been given to the construction
of long linear arrays for obtaining very narrow fan-
shaped beams. One of these arrays, shown in Fig. 7, has
a beamwidth of approximately 4°, and its side lobe
amplitudes are down at least 18 db from that of the
main beam. Its measured gain is approximately 140.
This center fed array has matched loads at both ends
and it is approximately 22 inches long. The work on
these long arrays is being continued.

CaviTy-FED ARRAYS

Another type of antenna array has been designed
with ferrod radiators magnetically coupled from reso-
nant cavities. These small cavity arrays are easy to
construct and in general give higher gains than the
linear arrays previously described.

The field distribution and position of the ferrods in-
side a TE;u mode cavity, are shown in Fig. 8. The
magnitudes, directions, and positions of the electric and
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Fig. 6—Stacking of linear arrays.

Fig. 7—Long linear ferrod array.

Reggia, Spencer, Hatcher, and Tompkins: Ferrod Radiator System

Fig. 8—Field distribution inside a TEz mode cavity
feeding a 4-ferrod square array.

magnetic fields can be seen in the drawing at the right,
as well as the positions of the ferrods (shaded circles) at
points of maximum magnetic field. Positions of maxi-
mum electric field are indicated by the crosses and dots
at the center of the magnetic loops.

An expanded view of a section of this rectangular
cavity, also showing current lines, can be seen at the left
of the figure. The position of zero electric and zero
magnetic field can be seen to exist at the exact center of
this diagram. Shorting posts, 1/16-inch diameter, are
placed at these positions to insure the proper mode of
oscillation of the cavity (suppress lower order modes)
and to insure in-phase excitation of the ferrod radiators.

347

A photograph of this cavity and a smaller one which
is resonant in the TE;p; mode are shown in Fig. 9. The
positions of the 6 shorting posts of the TE3y cavity and
the 2 used in the TEg; mode cavity can be seen in this
figure. The dimensions of the TEg; cavity are 1.75
X2.75X0.50 inches, and the TEzy mode cavity,
3.75X2.75 X0.50 inches.

Fig. 9—Linear and square cavity feed arrays.

Fig. 10—TEMasg mode cavity-feed array.

This cavity technique has been extended to obtain
even sharper radiating beams and higher gains. An
example of this is shown in Fig. 10. The waveguide feed
enters the back at the center of the cavity. The
shorting pins (or mode filters) at positions of zero
electric and magnetic fields can be seen as small circles
between the ferrods. The dimensions of this TEgy mode
cavity-feed array are 7.0X7.75X0.5 inches and its
measured beamwidth is approximately 6 X 7°.

FERRITE-FILLED CYLINDRICAL
WAVEGUIDE DEVICES

In order to utilize the small size of the ferrod antenna
system, compact microwave switches and circulators
were designed for array switching and beam lobing.
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These devices use a longitudinal magnetic field applied
to a ferrite-filled section of cylindrical waveguide, simi-
lar to those shown in Figs. 1 and 4.

Operation of these devices depends upon the variable
magnetic properties of the ferrite as shown in Fig. 11.
These curves® show the magnitude of the dispersive
components of the scalar permeability (u'+ K’) of the
R-1 ferrite below magnetic saturation for the positive
and negative circularly-polarized waves respectively.
Since a linear wave may be considered to be composed
of two circularly-polarized waves, the effective perme-
ability (u'esr) has been included in the figure. It is in-
teresting to note that the ferrite has a permeability less
than unity at these frequencies in the absence of a bias
field.

A small microwave switch which makes use of the
tensor characteristic of the ferrite is shown in Fig. 12.

CIRCULARLY - POLARIZED PERMEABILITIES OF R1i-FERRITE
VS INTERNAL MAGNETIC FIELD (H}) IN OERSTEDS
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Fig. 11—Real components of the circularly-polarized permeabilitie
of R-1 ferrite below magnetic saturation.

Fig. 12—Ferrite-filled cylindrical waveguide switch.

It consists of a -inch diameter ferrite-filled cylindrical
waveguide section inside a low-field solenoid. The
ferrite protrudes approximately 3 inch into the rec-
tangular waveguide which is used with the switch. When
no current flows through the solenoid, the switch is ON,
and the microwave energy propagates through thedevice
with essentially no change. With approximately 10 ma
of solenoid current, the microwave energy is rotated 90°
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by the magnetized ferrite and is rejected by the cross-
polarized rectangular waveguide at the output. This
switch has an insertion loss of about 0.6 db when the
switch is ON, and an isolation of greater than 30 db
when a magnetic field is applied.

By using a slightly smaller ferrite-filled cylindrical
waveguide section, this same switch can be made to
operate as a waveguide-below-cutoff switch.'> When
current flows in the solenoid, the effective permeability
of the ferrite is increased sufficiently to allow the ferrite-
filled section of waveguide to be near, but above cutoff.
With no current in the solenoid, the effective perme-
ability is decreased and the waveguide is operating be-
low cutoff. Greater than 50 db switching is obtained
with this device when used in this manner.

A rotating flange is used at one end of this switch to
allow the position of the output waveguide to be ad-
justed. This permits higher isolations in the OFF
position and lower insertion losses in the ON position
when the device is used as a rotation type switch. The
switch is 1} inches long and requires less than 20 ma of
current in the solenoid (approx. 80 oersteds) for opera-
tion at 3-cm wavelength.

Another ferrite device making use of the Faraday
effect is shown in Fig. 13. Its construction is essentially

Fig. 13—Three-port microwave switch with ferrite-filled
cylindrical waveguide input.

the switch shown in Fig. 12, inserted into a right-angle
waveguide bend. The microwave energy enters the
ferrite-filled section of waveguide where its plane of
polarization is acted upon by an external magnetic field.
By rotating the plane of polarization through 90°,
energy propagating through one arm can be switched to
the other. Greater than 20 db switching has been ob-
tained with this circulator with less than 20 ma of
solenoid current. Several of these units in tandem could
be used to perform more complex functions in other
antenna systems.

B F, Reggia, “Magnetically-controlled Microwave Switch with
High Isolation,” Diamond Ordnance Fuze Labs., TM 41.04-16, un-
published report; May, 1955.
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ARRAY SWITCHING AND LLOBING

The small ferrite switch of Fig.. 1 can be used to con-
trol the power transmitted from each radiating element
of a ferrod antenna system. The switches shown in
Figs. 4 and 12 can be used to control (or modulate) the
power transmitted by all radiating elements simul-
taneously.

The 3-port microwave switch of Fig. 13 has been
used effectively in beam lobing systems such as that
shown in Fig. 14. The two linear ferrod arrays, rotated
azimuthally from each other, are alternately excited by
the ferrite switch. Any angle of rotation between the
radiating beams can be designed into this antenna sys-
tem, depending upon its use. The advantage of this
system over others tried is the requirement of only one
control solenoid.

g

Fig. 14—Beam lobing ferrod antenna system incorporating
three-port microwave switch,

Fig. 15—Beam lobing ferrod array, showing magnetic
lobing switches.

Placing one linear array above another on a section of
twisted waveguide gives another type of beam lobing
system as shown in Fig. 15. A small rotation type ferrite
switch in each array provides the necessary beam
switching from one array to the other. Any number of
these linear arrays can be stacked to obtain greater
azimuthal range. When using this antenna system in
direction-finding radars, out-of-phase square waves are
applied to the two solenoids. Lobing rates of a few kilo-
cycles have been used with the solenoids shown.
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ARRAY SCANNING

Several methods for obtaining electrical beam
scanning have been tried. One method is to apply a
longitudinal magnetic field directly to the feed section
of a ferrod radiator. Phase shifts up to 50° have been
obtained by this technique with little change in the
radiated power or plane of polarization. Another method
is to apply a transverse magnetic field to a ferrite slab
placed in the position of a circularly-polarized rf mag-
netic field inside the rectangular waveguide section
making up the array as shown in Fig. 16. A phase shift
of 90° is not difficult to obtain with this technique.
Adjustable ferrite-loaded cavities along the narrow side
of the waveguide and inside larger cavity-fed arrays have
also been used to obtain a scanning angle up to 10°. A
phase shift of 90° between the individual ferrod radia-
tors, spaced A, (approximately 3/2 \o) apart, is neces-
sary for a 10° shift of the radiated beam.

FERRITE PHASE SHIFTER
IN RECTANGULAR WAVEGUIDE
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Fig. 16—Nonreciprocal phase shifter in
rectangular waveguide.

Circular scanning can be obtained by combining a
horizontal and a vertical linear scanning array. By
applying an ac voltage to the horizontal scan winding
90° out of time phase with the voltage on the windings
for the vertical scan, a nearly circular scan will result.
This ac source could also be modulated to produce a
spiral scan.

RoTATION OF PLANE OF POLARIZATION

Radiation, first in one plane of polarization and then
in another, can be had simply by applying a longitudinal
magnetic field to the individual ferrod radiators. An
example of this could be the antenna system shown in
Fig. 1, without the wire mode filter. This change of
polarization by a magnetized ferrod radiator vs the dc
control current is shown in Fig. 17. A rotation of 180°
is obtained with less than 0.2 db change in the power
transmitted with 12 ma of solenoid current (H,=~47
oersteds).
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Fig. 17—Rotation of the plane of polarization of radiated
energy from ferrod radiator at 9430 mc.

CIRCULARLY-POLARIZED RADIATORS

A circularly-polarized radiation field can be obtained
by exciting the ferrod from the broad side of a properly
terminated waveguide. This position of circularly-
polarized field, where the x and z components of the rf
magnetic field are in time quadrature and of equal
magnitude, is located along a plane approximately one-
fourth the distance across the waveguide. Either sense
of rotation can be had by choosing the correct side of the
waveguide.

RADIATION PATTERNS

The radiation characteristics of single and multi-
element ferrod radiators of different lengths, diameters,
and shapes have been obtained in the frequency range
between 9000 and 10,000 mc. The single ferrod radiators
were excited from the end of rectangular waveguides, as
seen in Fig. 2, and the multi-element arrays were
coupled from the narrow side of rectangular waveguides
or from resonant cavities as previously described.

A simplified circuit arrangement used for the radia-
ton pattern measurements is shown in the block dia-
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Fig. 18—Simplified circuit arrangement for radiation
pattern measurements.

gram of Fig. 18. A carefully selected waveguide rotating-
joint, calibrated at the operating frequencies, was used
to rotate the ferrod antennas in the azimuthal plane.
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Another rotating mechanical device was used in the
receiving circuit to rotate both the rectangular horn and
the matched detector for determining the plane of polar-
ization of the radiated energy. A more accurate antenna
measuring system was also used over a much longer
path, free from all obstructions. In the latter system,
the entire transmitting circuit was rotated and an
automatic recorder was used in the receiving circuit.

The directivity of a single untapered ferrod radiator
(0.240-inch diameter) fed from the end of a rectangular
waveguide vs its length, at 9500 mc, is shown at the
left in Fig. 19. The minor lobes have been left out to
simplify the drawing. The decreasing width of the main
beam with increasing length of the ferrod can be seen in
this figure. The gain of a single untapered ferrod radia-
tor 4.5 inches long was found to be approximately 20 at
this frequency.

A comparison between the radiation patterns of a
tapered and an untapered ferrod radiator, 3.5 inches
long, is shown at the right of this figure. Although the
untapered ferrod gives a more narrow beamwidth, the
power radiated in its side lobes is excessive. This side
lobe radiation is almost completely eliminated by the
tapered ferrod but not without an increase in the width
of the main beam. By increasing the length of the
tapered ferrod, the original value of the beamwidth can
be restored.

The radiation characteristics of single ferrod radiators
5.5 inches long vs the length of tapers at 9300 mc (at
right) and 9600 mc (at left) are shown in Fig. 20.
Their diameters were 0.240 inch at the input end and
0.152 inch at the output end.

The length of taper giving the best results was ap-
proximately 4 inches. The beamwidth can be seen to
increase with increasing length of taper and with de-
creasing frequency. The gain of the ferrod with the
4-inch taper was compared to that of a standard horn
and found to be approximately 35. Impedance matching
resulting in vswr’s less than 1.2 is not difficult to achieve
with these ferrods when coupled from the end of a wave-
guide section.

The radiation pattern of another single ferrod 5.4
inches long, but with a slightly larger diameter (0.270
inch), over the frequency range of 94004200 mc is
shown in Fig. 21. The length of taper which gave the
best results was found to be 5 inches. The input im-
pedance for this diameter ferrod, when excited from the
end of a waveguide section, remained relatively con-
stant over the 400-mc bandwidth. A beamwidth of 30°
and a measured gain of approximately 35 were obtained
with this radiator.

The radiation characteristic in the azimuthal plane of
a 4XS5 ferrod array excited from the TEg, resonant
cavity at 9500 mc is shown in Fig. 22. A beamwidth of
approximately 7° and a gain of approximately 130 were
obtained for this array which had a somewhat square-
shaped beam. A photograph of this antenna is shown
in Fig. 10.

The radiation patterns, in the plane of the ferrods,
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Fig. 21—Radiation pattern of a single ferrod radiator
5.4 inches long.

Fig. 22—Azimuthal radiation pattern of cavity-fed
(TEso) ferrod antenna.
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\
TWO FERROD RADIATORS THREE FERROD RADIATORS
Fig. 23—Radiation pattern of two linear ferrod arrays. Radiating elements spaced approx. 3/2X; apart.
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Fig. 24—Radiation pattern of a linear array of four ferrods.

or two linear arrays are shown in Fig. 23. The ferrods
were S inches long and spaced A, apart along the narrow
side of a section of rectangular waveguide. The beam-
width for the arrays can be seen to decrease with in-
creasing number of ferrods, resulting in higher gain
antennas. The vertical beamwidth of both arrays was
approximately that of a single rod, resulting in a fan-
shaped beam. A photograph of this type antenna is
shown in Fig. 3.

A simplified drawing of a 4-rod linear array and its
radiation characteristics in the plane of the ferrods is
given in Fig. 24. The one-half power beamwidth in this
plane was approximately 7° and in the vertical plane
was that of a single ferrod. Details of the ferrod radia-
tors and the associated modulating system are shown at
the left. Short matched loads are used at each end of the
waveguide section to minimize internal reflections. A
photograph of this antenna is shown in Fig. 4.

CONCLUSION

The ferrod radiator systems described above are
especially useful in the field of portable radars and have
good possibilities in the miniaturization of fire-control
antenna systems requiring high-speed electrical scan-
ning or lobing. Advantages of these antenna systems
include simplicity, low construction costs, no moveable
parts, microsecond response to an applied magnetic
field, small control currents, and the possibility of rela-
tively broad-band operation at microwave frequencies.
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INTRODUCTION

In 1949, a standard on piezoelectric crystals! was
issued which covered the definition of axes for piezo-
electric crystals and their relation to orthogonal axes,
standards for specifying crystal plate orientation, and
nomenclature referring to the piezoelectric relations,
symbols, and units. It is the object of this present stand-
ard to specify the nomenclature and a practical method
of measuring the various quantities associated with
piezoelectric vibrators.

1.0 THE PIEZOELECTRIC VIBRATOR AND
Its EQuivaLENT CIrRCUIT

1.1 The Piezoelectric Vibrator

A piezoelectric vibrator consists of an element cut
from piezoelectric material usually in the form of a
plate, bar, or ring, and with electrodes attached to or
supported near the element to excite one of its resonance
frequencies.

1.2 The Equivalent Circuit

The properties of any mode of a lightly-damped
mechanical vibrating system, piezoelectrically excited
through electrodes which form a two-terminal network,
can be represented near resonance by an equivalent
electric circuit (Fig. 1) which consists of a capacitance

Fig. 1—Equivalent electric circuits of a
piezoelectric vibrator.

G, inductance Ly, and resistance Ry, in series, shunted
by a second capacitance, the parallel capacitance Co.

These are the fundamental parameters of the piezo-
electric vibrator. The representation of a piczoelectric
vibrator by the circuit of Fig. 1 is useful only if the four
parameters are constant and independent of frequency
and amplitude.

The parameters are independent of frequency if the
vibrator has no other mode of motion near its resonance.
Generally, the mode in question is sufficiently isolated
from other modes to permit this assumption. When this

! “Standards on Piezoelectric Crystals,” Proc. IRE, vol. 37, pPp-
1378-1395; December, 1949,
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1s not true, the equations and measuring methods outlined
herein do not apply. The validity of the circuit represen-
tation can be determined by measuring and plotting the
impedance or admittance of the vibrator as a function
of frequency.

At a given frequency the parameters of the equivalent
circuit generally approach constant values as the ampli-
tude of vibration approaches zero. The amplitude which
can be tolerated before the parameters are appreciably
affected varies widely between vibrators of various types
and can only be determined by experiment.

1.3 Parameters of Piezoelectric Vibrators

The four fundamental parameters C;, L,, R;, and Cy
define the network completely and all other parameters
may be derived from them. The important parameters
of a piezoelectric vibrator are listed in Table I. The
equation for the impedance Z (or admittance ¥)

z=L_ Lo RO
Y J w r
W w,
1+jo(2-2)
W, 0
1 »
ey (=
r \w, o

of the equivalent electric circuit of the piezoelectric
vibrator is the basic equation for deriving the relations
of the various parameters. For the symbols used in (1)
see Table 1.

For the purpose of defining the different characteristic
frequencies, the impedance Z of the equivalent network,
its resistive component R,, its reactive component X,,
and the reactance of X; of the L;, C;, R, branch are
plotted as functions of frequency in Fig. 2. These curves,

1Znl
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Fig. 2—Impedance |Z|, resistance R,, reactance X,, and series arm
reactance X of a piezoelectric vibrator as a function of frequency.
For the meaning of the different symbols, see Table I.
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TABLE 1
PARAMETERS OF THE EQUIVALENT CIRCUIT OF A PIEZOELECTRIC VIBRATOR

C;=Motional Capacitance
L;=Motional Inductance
R,=Motional Resistance
Co="Shunt (Parallel) Capacitance
r=C o Capacitance Ratio
Ci
fm=Frequency at Maximum Admittance (Minimum Impedance)

. 1
f+=Motional (Series) Resonance Frequency= ——=
2n\/ LiCy
J»=Resonance Frequency (Reactance X.=0) Characteristic
Ja=Antiresonance Frequency (Reactance X.=0) Frequencies

1 /1 (H_LT
2w L|C1 r

f,="Parallel Resonance Frequency=—

f,=Frequency at Minimum Admittance (Maximum Impedance)
1 .
=7 = R,+jX.=Impedance of Vibrator

7.»=1Impedance at f,, (Minimum Impedance)

7, =Impedance at f, (Maximum Impedance)
I'n=Admittance at f» (Macimum Admittance)
Y.=Admittance at f, (Minimum Admittance)
R,=Impedance at f,, Resistive (Resonance Resistance)
R.=Impedance at f,, Resistive (Antiresonance Resistance)

H& 5
0 =21 _ Quality Factor
R

1
M= % — SOk =Figure of Merit
w=2nrf

Lo=Inductance in Parallel with Vibrator
Cr=Load Capacitance

R,=Standard Resistor
fmm=Frequency of Maximum Transmission
for.=Motional Resonance Frequency of Combination of Vibrator and

L
fmr=Frequency of Maximum Transmission of Combination Vibrator
and Cp

Ry =Resulting Motional Resistance of Combination DF Vibrator and
Ci

RESISTANCE

-REACTANCE +

-SUSCEPTANCE +

0
CONDUCTANCE

Fig. 3—Impedance and admittance diagram of a piezoelectric vibrator. The symbols conform with those used
in Table 1 and Fig. 2.

however, have only qualitative character and do not
represent a particular piezoelectric vibrator. Further, to
clarify the situation, the impedance and admittance
circles of a piezoelectric vibrator are reproduced in
Fig. 3. The circle representation of the impedance or

admittance of a piezoelectric vibrator is valid only if, in
the admittance diagram, the circle diameter is large in
comparison with the change of wCo in the resonance
range. If the latter condition is not fulfilled, the admit-
tance curve shows a more camplicated character.
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TABLE II
RELATIONS BETWEEN THE CHARACTERISTIC FREQUENCIES OF A PIEZOELECTRIC VIBRATOR
l 1ST APPROXIMATION 2ND APPROXIMATION
CHARACTERISTIC | ' y N y
FREQUENCY ; DEVIATION 7 ; DEVIATION f_
Z FROM MORE PRECISE —ﬁ FROM MORE PRECISE
VALUE VALUE
Jm 1 1/ 1 [ / T4 ] 1
—=1 - = +—11—-4/ 14+— _—
I fs 2M2r i 2r - M2 2My?
" —= —— +—11—-4/1—— —
5 b 2M?r | + 2M?
fa 1 ( ) 1/ [ / 1 1
—=14— ——{— 1+—1|1 1—— —_———
i +2r | 207 . i M2 My
I 1 ( ) ’ A 1/—1 [ / ] 11
A —=14— — —= 1+—1|1 1 —
f fa +2r f M w7 | S +2r i o MYy r
' —— .
Jo 1 1 o /‘/ 1 0
Ay O R — 2 fld—
i 15 +2r 8r® ‘ s i r u

Since (1) is nonlinear in frequency, it is convenient to
make certain approximations in deriving practical equa-
tions for general use. It is the error of these approxima-
tions, in addition to the instrumentation errors, that
governs the over-all accuracy of the derived parameters.
Table II gives relations between the characteristic fre-
quencies, fm, fr, fa; fo, fn and the series resonance fre-
quency f, of a vibrator for two different degrees of ap-
proximation, and particularly the deviation of the
characteristic frequencies from f,. The first approxima-
tion is commonly used in the case of vibrators with high
M and r; t.e., high Q, as for instance in the case of
quartz vibrators. More exact equations than those of
the first approximation have been derived by various
authors.?2* They are shown in Table II as second ap-
proximation. The accuracy of the two approximations
is given in columns 3 and 5 in Table II. For a vibrator
with M?% =1000, for instance, the error in determining
fa from f, would be —5-10~* for the first approximation
and —35-10~7 for the second approximation.

2.0 METHODS OF MEASURING THE PARAMETERS
oF THE EQUIVALENT CIRCUIT

2.1 Measurements—General

For production tests, where only frequency and a
quality factor are of concern, oscillators are generally

2 G. E. Martin, “Determination of equivalent-circuit constants of
piezoelectric resonators of moderately low Q by absolute-admittance
measurements,” J. Acoust. Soc. Amer., vol. 26, pp. 413-420; May,
1954.

3 E. A. Gerber, “A review of methods for measuring the constants
of piezoelectric vibrators,” Proc. IRE, vol. 41, pp. 1103-1112; Sep-
tember, 1953.

used. In this method, the vibrator is part of the oscilla-
tor circuit and controls the frequency and magnitude of
the output voltage. It is one of the most convenient
methods of measurement, particularly for determining
effects of temperature variation, and with proper pre-
cautions can be used for the determination of all the
parameters. The errors due to instrumentation, how-
ever, are not as readily specified or controlled as for
some of the methods where the vibrator is used as a
passive element, and, therefore, oscillators are not as
suitable for standard test methods.

Three of the most commonly used methods of the
passive type are 1) bridge,4 2) Q meter,? and 3) trans-
mission circuit® methods.

The bridge method may be extended to the measure-
ment of impedance (or admittance) as a function of
frequency in the most extreme conditions. This pro-
cedure is laborious and generally unwarranted when
dealing with an isolated mode. For measurement of
critical frequencies and impedances, bridges are gen-
erally limited with respect to frequency and impedance
range. The transmission circuit is recommended for use
in laboratory tests because it is simple, convenient, and
involves equipment normally available. It is also used
extensively for production tests. With proper considera-
tion of errors of instrumentation and suitable equations,
this method is the best suited for the ranges of r and M
generally encountered.

¢ W. D. George, M. C. Selby, and R. Scolnik, “Precision measure-
ment of electrical characteristics of quartz crystal units,” Proc. IRE,
vol. 36, pp. 1122— 1131 September, 1948.
sL. F. Koerner, Progress in development of test oscillators for
crystal units,” Proc. IRE, vol. 39, pp. 16-26; January, 1951.
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2.2 Transmission Circuit Method T —

2.2.1 Type of Measurement: This method of measure- ’ . N
ment consists of determining the frequency and the
impedance at maximum transmission of a 7 network in v.mron{f
which the vibrator under test is the series branch. The
frequency at maximum transmission is measured with o— r RS . v o

0 0 0 0 0 g VARIABLE ' i }
and without a capacitance Cy in series with the vibrator. | rreeency Cre_ %R R _aGr
OSCILLATOR P ol T - / DETECTOR
From these measurements, f,, Ci;, and R; can be de- \ : )
. 1+ O
termined. ‘smiELD /

2.2.2 Circuit: The measuring circuit consists of a N /
variable-frequency oscillator, detector, measuring net- 3 S~ ’/\K/ .
. . MEASURING
work, and frequency measuring equipment connected FREQUENCY NEASURING NETWORK
in accordance with Fig. 4. The oscillator must have a '

high degree of purity of output waveform.

2.2.3 Procedure

>|o Ry >I0R,
|

Fig. 4—Transmission measuring circuit.

of maximum transmission fmr of the network. At the

2.2.3.1 Motional Resonance Frequency f,: The fre- first approximation, famr is equal to the frequency of
quency of the oscillator is adjusted for maximum trans- minimum impedance f» and the motional resonance fre-
mission with the piezoelectric vibrator connected to quency f, of the vibrator. If higher accuracy for f, is
terminals A4 and B of the network. This is the frequency required, Table III should be consulted which gives

TABLE III

f fmT —fs AR Ru—R
——— AND RESISTANCE ERROR —R—=— FOR SERIES RESONANCE OPERATION, AND FREQUENCY ERROR
a 1

A TL_I AR Ru—RiL
—j=’7:'1 AND RESISTANCE ERROR — = ————" gt FOR PosITIVE REACTANCE OPERATION.
f f,b R Rl[,

TuE SyumBoLrs Usep IN THis TABLE ARE EXpPLAINED IN TABLE I anD Fi6. 4

FREQUENCY ERROR

SERIES RESONANCE OPERATION POSITIVE REACTANCE OPERATION
’ A B
PTIAECAE o MH bte
W Vo K ‘0 i Y 224 \_--0--_---1
Socoonnnoas -.‘.-li:éy--- -------- t\
DEVIATION OF 2L FroM DEVIATION OF _Af FROM
2) Af :__ AR f A¢ 2 _ & f
f R MORE PRECISE VALUE FoR f R MORE PRECISE VALUE FOR
FREQUENCY ERROR FREQUENCY ERROR
FREQUENCY ERROR B ¢ . ! i i
¥ Ry I - —_— Rt I -

? PR T | e WL RIS T T M T
DUE TO Co AND Ry ! r w R LM W R
FREQUENCY ERROR O f R R i

—5 "‘—T,'—'—B -4 | ""l"I_B—' -y !

4) Ry W2r w2r 8 Rip2 Ry M u Mme ", 8 Rro,
DUE TO C, AND Ry WITH L/ Lot Tav W R B
PARALLEL L, B 5(: el )

a 2 2

- FREQUENCY ERROR _fL RECT . i (u Ry . i) e RECT 1 ) (u Rt . ,) 2y
DUE TO Cy R2 o MIr Ry M2 R2c, M ol Riv2 /2y
FREQUENCY ERROR A § DUE f R 2 R R 2

f \ .707 -(_l ) 5 (_T ).7o7s _( 1 )_u_

6) 70 DETECTOR SENSITIVITY § (2 R: ) Rl 2ot ) 2o Y a8

{ | Mcr fu ¢ Mér
s = SMALLEST DETECT. CURR.CHG _
CURRENT
FREQUENCY ERROR 4 f DUE 18 6L Co

7 toermor e f £7¢, ¢ ulr
EQUAL TO A CL"

) RESISTANCE ERROR AR . (, Ry Cp i) 8 Ry 8 Rt (i Ry ¢ i)

8 . - — -
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under the heading, “Series Resonance Operation,” in
lines 3 and S, the relationship between fmr and fa as
the ratio

é[_fmT"fa
r 5

for two different degrees of approximation, as a function
of the network parameters.

2.2.3.2 Motional Capacitance Cy: The measurement
of 2.2.3.1 is repeated, but with a particular Cy in series
with the vibrator. The motional resonance frequency
for this combination, f,z, can again be derived from the
measured frequency at maximum transmission fmrL,
with the help of lines 3, 5, and 7 of Table ITI, under
the heading, “Positive Reactance Operation.” C is then
obtained from Cy, f,, f,1, and Cy:

C, = 2T(CO+CL)-

Co can be eliminated and the accuracy of measurement
is increased by using two or more different values of Cr.

(2

2.2.3.3 Motional Resistance Ry: The detector reading
is adjusted to some convenient reference point and
noted. The vibrator is replaced by a standard resistor
R, (variable or selected value) to give the same reading
as the maximum transmission value for the vibrator.
This value of resistance gives approximately the magni-
tude of minimum impedance | Z..| of the vibrator. At a
first approximation, Ry =|Zn.| is equal to R;. Table I11
furnishes in line 8 the necessary correction formulas for
better approximations. For the sake of completeness,
correction data for the resulting motional resistance Ryg
of the combination vibrator-Cy are also given.

2.2.4 Network Requirements: The accuracy of the re-
sults increases as the following conditions are ap-
proached:
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1) Reactance X7 of terminating capacitance Cr much

greater than terminating resistance Ry, (Xr>3>Ry).

2) Stray capacitance C4_p between terminals A and

B low compared to vibrator capacitance Cy,
(Co>C4_B).

3) Reactance of stray capacitance Ca—p high com-

pared to series resistance R;, (X4->Ry).

4) Inductance of leads connecting vibrator low com-

pared to inductance of vibrator.

In the case of vibrators with low figure of merit M, it
is advisable to use a shunting coil L, connected in
parallel with the vibrator. If the combination LyCy is
tuned close to the motional resonance frequency f, of
the vibrator, f, and R, will be measured instead of Jomr
and | Z,|. Table III, line 4, supplies information as to
the accuracy of the determination of f, as a function of
LoCo/L,C.

Table I11 supplies additional information in line 6 as
to the influence of the detector sensitivity (smallest de-
tectable current-change/current) on the determination

of f, and f,z.
2.3 Measurement of C,

Co of the equivalent vibrator circuit is slightly less
than the measured value for a free piezoelectric element
and slightly greater than the measured value of the
clamped condition of the piezoelectric element. There is,
therefore, no simple direct method of measuring C, ex-
actly. This difference, however, is generally sufficiently
small to be neglected unless the vibrator has a small
capacitance ratio; i.e., » <50.

Co is usually determined in a capacitance bridge or in
the Q-meter at a frequency sufficiently lower than that
of all modes of vibration of the vibrator to reduce their
effect as far as possible. Where greater accuracy is re-
quired, use must be made of the fact that the dielectric
permittivity depends upon the mode of vibration. This
will be discussed in a subsequent standard.

C2E=TD

CORRECTION

The following correction to “IRE Standards on Meth-
ods of Measurement of the Conducted Interference Out-
put of Broadcast and Television Receivers in the Range
of 300 KC to 25 MC, 1956 (56 IRE 27 S1),” which ap-
peared on pages 1040—-1043 in the August, 1956, issue of
PROCEEDINGS OF THE IRE, has been brought to the at-
tention of the editors.

On page 1041, the last sentence of paragraph 2.2.2
should read:

(For this requirement the power plug is short-circuited.)
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Microwave Ferrite Phase Shifter*

A ferrite phase shift device which ap-
pears to have some promise as a sideband
modulator or as part of a high speed switch
has been tested, and some of the results are
reported here.

In one form the arrangement consists of
a helical transmission line with a ferrite
tube mounted inside the helix. Not only does
the ferrite-loaded helix act as a transmission
system whose phase shift (or insertion loss)
can be varied by varying the permeability
of the ferrite, but also as a solenoid which,
when properly excited, supplies the low-
frequency field that varies this permeability.

When tested as a sideband modulator,
the particular arrangement used generated
first-order sidebands which were traced con-
tinuously, with the exception noted below,
from 70 kc to 50 mc with the carrier at
9 kmc. The lower limit was a result of the
resolution of the available spectrum analyz-
er; it is believed that much lower frequency
sidebands can be as easily, if not more easily,
generated. The upper limit was a result of
the high-frequency limit of readily available
oscillators; sideband generation was still
quite strong at 50 mc. The sidebands were
considerably reduced in magnitude and es-
sentially disappeared in a region about 2 mc
wide centered at a modulating frequency of
17 mc. This was possibly a domain wall reso-
nance phenomena since the frequency at
dropout was somewhat influenced by the dc
axial biasing field.

Some understanding of the manner in
which the device works can be obtained from
an examination of the static transmission
characteristics shown in Fig. 1. As might be
expected, these transmission characteristics
were essentially the same for either direction
of axial magnetic field, except for slight
hysteresis effects near zero field. In order to
test the device as a sideband modulator, the
helix was excited at one end (end A—Fig. 2)
by a low-frequency oscillator, while the other
end (end B—Fig. 2) was terminated in a
50-ohm resistor. By-pass chokes of the usual
variety were built into the coaxial low-fre-
quency input and output lines, as shown in
Fig. 2, to minimize the microwave energy
leakage. Energy at the carrier frequency of
9 kmc was fed into one of the waveguides,
and the other waveguide was connected to a
spectrum analyzer. If one assumes the phase
shift per unit field is linear over a small
range of magnetic field, it can be readily
shown that for sinusoidal low-frequency
modulation the amplitude of the nth order
side bands is given by Ja(s4), the nth order
Bessel function of argument s4, where

s=total radian phase shift per unit axial
modulating field,
A =amplitude of axial modulating field.

From the data in Fig. 1, using the catalog
quoted power output of the modulating fre-

* Received by the IRE, November 19, 1956.
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Fig. 1—Additional phase shift and insertion loss of the
ferrite-loaded helix as a function of an applied
axial magnetic field.
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Fig. 2——Cross section of ferrite-loaded helix and end
transducers. Helix has an inner diameter of 0.125
inch and is wound of 0.22-inch diameter molybde-
num wire with 30 turns per inch. Ferrite cylinder
is made of Ferramic R-1 material and is 1 inch
long with 0.124-inch outer diameter and 0.094-
inch inner diameter. The helix is supported by
three sapphire rods (not shown) spaced equally
around helix circumference. Waveguide is standard
RG-52/U or WR90 with dimensions 13X X0.050
(wall) inches.

quency sources, and assuming the helix
performs as an ideal sheath solenoid, it was
estimated that in the presence of a small
axial dc biasing field the modulation index
sA would be approximately 0.01. This leads
to first-order sidebands about 46 db down
from the carrier. The measured magnitudes
of these sidebands were indeed of this order.
They were essentially equal, and the varia-
tion in their amplitude as a function of a
superimposed axial dc field was exactly as
would be predicted from the static data.

In summary, the possibilities available
from a ferrite-loaded helix as a phase shifter
have been demonstrated. The frequency
response is believed to be several orders of
magnitude higher than any presently avail-
able similar devices, with the upper limit
probably determined primarily by the fer-
rite material and not the physical arrange-
ment. Single-sideband generation would ap-
pear possible by the use of sawtooth-like
modulation on the helix. To increase the
phase shift per unit modulating field it is

evident that more ferrite loading is required,
which can be accomplished, for example, by
increasing the length of the ferrite tube or
increasing its wall thickness. It also appears
clear that the helix parameters as well as
the type of ferrite will also influence the
modulation index.

The writer would like to acknowledge
the helpful discussions held with J. T. Men-
del as well as the assistance of G. Lee and
A. Iversen, who supplied the rod-supported
helix.

SAMUEL SENSIPER
Research Labs.
Hughes Aircraft Co.
Culver City, Calif.

Stability Requirements and Cali-
bration of Radiometers when Meas-
uring Small Noise Powers*

A radiometer is a receiving equipment
designed to measure noise power, usually to
an accuracy of better than 1°K in effective
noise temperature. In a simple radiometer,
where the output is a function of the total
noise power at the input, excellent receiver
stability is required since equivalent receiver
input temperatures of 500° to 3000°K are
ordinarily encountered. Dicke modified the
simple radiometer such that it periodically
measured the difference in noise tempera-
ture between a reference termination and
the antenna, and thus partially eliminated
the need for excellent stability.!-2 However,
measurement of noise temperatures as low
as a fraction of 1°K imposes severe require-
ments on receiver stability even for an im-
proved Dicke system. This note discusses
the stability requirements for radiometers
when measuring small noise temperatures,
and proposes a modification of the Dicke
system to alleviate the severe stability re-
quirement. Using this modified Dicke system,
it also becomes possible to calibrate small
noise temperatures using ordinary noise
sources.

In the radiometer proposed by Dicke, an
attenuator at temperature T\ is periodically
inserted between the antenna and receiver
terminals. The system is designed to meas-
ure the difference between the detector out-
put voltage with the receiver connected to
the antenna and that with the receiver con-
nected to the attenuator. The following
analysis assumes sufficient smoothing in the
radiometer (a large bandwidth-time con-
stant product) so that residual noise fluctua-
tions do nat limit receiver sensitivity.

1Received by the IRE, November 9, 1956.

JR. H. Dicke, “The measurement of thermal
radiation at microwave frequencies,” Rev. Sci. Instr.,
vol. 17, ﬁp. 268-275; July, 1946.

:C., H. Mayer, 'improved microwave noise meas-
urements using ferrites,” IRE TRrANs., vol. MTT-4,
pp. 24-28; January, 1956.
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The difference, or output, voltage, Vg,
from a Dicke radiometer with a square-law
detector (assuming receiver noise factor and
gain do not vary appreciably during a
sampling period) can be written as:

Ve=CG[(F — 1)To+ Tua] — CGFTs (1)

Ta = effective antenna temperature in de-

orees K
G = receiver power gain
F = receiver noise factor
T, = attenuator temperature in degrees K

C=a constant.

If the radiometer characteristics drift,
Vr will also drift. To measure T4 to an
accuracy AT, it is necessary that the change
in Vg due to radiometer drift be small com-
pared with the change in Vg due to a varia-
tion of AT in T4.
This stability criterion can be expressed
as:
Ve Ve

Ve
——AF — AG —— AT. 2
aF + G i ATy @

Substituting (1) in (2) we obtain the sta-
bility criterion:

(Ta— To) %(( AT. (3)

Eq. (3) indicates the accuracy of tempera-
ture measurement to be independent of
drifts in receiver noise factor, which is not
true when a linear detector is used. It also
indicates that for a given accuracy the al-
lowable gain drift is a function of (T4 —T),
and for values of T4 near T, the system is
most insensitive to gain drift. [It is interest-
ing to note that (3) for a simple radiometer
with a square-law detector becomes:

% [Ta+ (F = )To] + ToaAF K AT  (4)

indicating that the accuracy is dependent on
receiver gain and noise factor drifts, and that
for small values of T4 the simple radiometer
is considerably more sensitive to receiver
drifts than the Dicke system.]

In practice it is difficult to keep gain
drifts below about 0.1 per cent. Thus for a
Dicke system using a square-law detector it
becomes difficult to measure noise tempera-
ture below about 0.3°K when T is 300°K.
If it were practical to reduce T, to near
0°K, this minimum detectable temperature
could be reduced considerably.

Another method for reducing the mini-
mum detectable temperature is as follows: A
variable noise source is coupled to one arm
of a directional coupler which is inserted be-
tween the antenna and attenuator termi-
nals. The coupler is arranged so that the
noise introduced by the noise source is
coupled into the receiver, and using a well-
designed coupler there is negligible change
in receiver input impedance or antenna
noise power transferred to the receiver. If
the noise source is adjusted so that the addi-
tional noise temperature coupled into the
receiver is fixed at T, the system becomes
very insensitive to receiver drifts when
measuring small values of T4. By varying

PROCEEDINGS OF THE IRE

the amount of additional noise temperature
about T so to keep the receiver output volt-
age at zero as T4 varies (while recording the
amount of noise source variation required to
do this) a system similar to that of Machin,
Ryle, and Vonberg is obtained except that
it is now possible to calibrate values of T4
below room temperature.’ Here the excess
noise temperature of the noise source coupled
into the receiver (temperature relative to
T,) is a direct measure of Ta.

The basic problem involved in determin-
ing the absolute value of T4 with this modi-
fied Dicke system is essentially the same as
that with the original Dicke system or any
comparison system. It is the problem of de-
termining reference temperatures to an ac-
curacy compatible with the desired radiome-
ter accuracy. This problem appears to be
the remaining limitation on absolute meas-
urement of small noise powers.

J. C. GREENE
Airborne Instruments Lab.
Mineola, N. Y.

3 K. E. Machin, M. Ryle, and D. D. Vonberg,
“The design of an equipment for measuring small
radio-frequency noise powers,” Proc. IEE, vol. 99,
part 111, pp. 127-134; May, 1952.

Low Frequency Dispersion of p and
e in Ferrites*

In a recent integrating paper on dielec-
tric properties and conductivity in ferrites,
Van Uitert! referred to the fundamental
work of Koops? on Ni/Zn ferrites and his
two-layer model. He pointed out—as was
formerly suggested by others3—the critical
dependence on firing temperature of this
model and, interpreting the data published
by Koops, brought some evidence of a de-
pendence on firing conditions of the thick-
ness of the superficial layer.

We think that this important point re-
quires a more careful examination. If the
notations If and hf are connected respec-
tively with low and high frequency measure-
ments and the notations 1 and 2 with bulk
and surface layer of the grain, the ratio x of
the layer thickness to the grain diameter is
easily obtained from the expressions given by
Koops for p and e:

_ (p1r — pup)? 6h(<1 pur \?
et ar

—pi? — pust

€ht

[484

By plotting against frequency p and e

* Received by the IRE, December 10, 1956.

! L. G. Van Uitert, “Dielectric properties of and
conductivity in ferrites,” Proc. IRE, vol. 44, pp.
1294-1303; October, 1956.

2 G. C. Koops, “On the dispersion of resistivity
and dielectric constant of some semiconductors at
audio frequencies,” Phys. Rev., vol. 83, pp. 121-125;
July, 1951,

3 L. C. F. Blackman and N. P. R. Sherby, “Note
on an investigation of the anomalous time-constant of
certain iron deficient magnesium manganese ferrites,”
J6 s%leclrom’c (Gr. Brit.), vol. 1, pp. 385~-388; January,
1 o
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experimental data given by him for
Nio.4Zno.sFe;Oq at various sintering atmos-
pheres and maximum sintering tempera-
tures, and by extrapolating these curves for
low and high frequencies, p and ¢ values are
obtained. Taking an average grain diameter
of 1 micron and a bulk permittivity ey of the
order of 20, the thickness is given by
Table I.

TABLE 1

q . Per cent | Thickness

a?'{';g{)?g Cooling Fer* after | in ang-
sintering stréms

air | fast in air 0.42 1.0

oxygen fast in air 0.38 5.4

air slow in air 0.07 20

oxygen slow in oxygen | o.t 32

The thickness values give evidence of
two different oxidation mechanisms. The
two first data (some angstréms) are in good
agreement with the idea of oxygen chemi-
sorption during cooling, more important, of
course, in oxygen than in air, but which
affects only the surface of crystals. The
thickness found for the two other data, ten
times larger, suggests on the other hand a
more complete oxidation mechanism, with
an important decrease of the concentration
in the ferrous ions formed during the firing
at 1300°C.

In 1955 we studied the occurrence of this
second mechanism in hematite and in
Mn/Zn ferrite and considered the hypothesis
of the existence of an interstitial lattice of
oxygen ions on a thickness of several crys-
talline cells. Its formation, by diffusion from
the chemisorbed layer, would require, of
course, a high number of defects in the
crystals and would give, therefore, a good
account of the dependence on the maximum
firing temperature and the cooling condi-
tions. As a matter of fact, the curves’ re-
sistivity vs firing temperature gave us a lot
of information about the grain structure of
the ceramic material.

We thought that structure-sensitive
phenomena like valency induction and ferri-
magnetism itself must be suppressed by the
second mechanism. We were able to verify
this point of view on hematite and on
Mn ‘Zn ferrite and could understand a lot
of formerly unexplained facts about ther-
mistor materials and high permeability
ferrites. We were surprised to find among the
consequences of this oxidation mechanism
the large time decrease of permeability
reported by Snoek for the Mn/Zn ferrite.t

We already mentioned, in connection
with Van Uitert’s former work® that minor
additions could prevent the formation of
such oxidized layers.®

JacQuEes P. SucHET

Centre de Recherches, Cie Saint-Gobain,

Antony (Seine), France
Formerly with S. A. Philips
Paris, France

4J. P. Suchet, “Structures granulaires A couche
superficielle dans les céramiques 2 base d’oxyde de
fer,” J. Phys. Radium, to be published.

¢ L. G. Van Uitert, “High resistivity nickel fer-
rites. The effect of minor additions of Mn or Co,”
J. Chem. Phys., vol. 24, pp. 306-314; February, 1956.

¢ J. P. Suchet, “Effect of minor additions on the
resistivity of ferrites,” J. Chem. Phys., vol. 25, p. 368;
August, 1956,
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Graphical Method of Determining
the Efficiency of Two-Port
Networks*

In a recent contribution to this column it
was shown! how a method, introduced by
Altschuler,? for finding the maximum ef-
ficiency of an arbitrary two-port network,
which is terminated in its conjugate-image
impedance match, could be given a simple
geometric explanation. We shall now show
how the efficiency of a two-port network,
terminated in an arbitrary load, can be ob-
tained by similar graphical constructions.

The common method in analyzing a two-
port network is to perform three measure-
ments (immittance or reflection-coefficient
measurements), having the output termi-
nated in pure reactances. If we assume that
the complex impedance plane is stereo-
graphically mapped on the unit sphere (Fig.
1), three points on the great circle in the yz-
plane are transformed into three points on
the right hemisphere, Through the latter
points a circle, the image circle of the great
circle, can be drawn.

y, X

—= x,R

Fig. 1—The unit sphere.

First, the image circle is moved until it is
symmetric with both the xz plane and the
xy plane. This can be done in two steps, each
corresponding to a lossless network. In the
first step, the image circle is transformed so
that it is symmetric with the xz plane.
Several methods are possible, the simplest
being the ones of Weissfloch® and Wheeler-
Dettinger.* Weissfloch extracts a series re-
actance, corresponding to a parabolic trans-
formation that has its fixed point at the top
of the sphere; Wheeler-Dettinger extracts a
piece of uniform transmission line, corre-
sponding to an elliptic transformation that
has its axis of rotation coalescing with the

* Received by the IRE, October 24, 1956.

This work was supported in part by the Army
(Signal Corps), the Air Force (Office of Scientific Re-
search, Air Research and Development Command),
and the Navy (Office of Naval Research).

1 E. F. Bolinder, “Maximum efficiency of four-
terminal networks,” Proc. IRE, vol. 44, p. 941; July,
1956.
2 H. M. Altschuler, “Maximum efficiency of four-
terminal networks,” Proc. IRE, vol. 43, p. 1016;
August, 1955.

3 A, Weissfloch, “Die wirkleistungsverluste in
linearen vierpolen in abhingigkeit vom wert des
transformierten scheinwiderstandes,” E.N.T., vol. 19,
pp. 259-265; December, 1942.

4 H. A. Wheeler and D. Dettinger, *“Measuring the
Efficiency of a Superheterodyne Converter by the
Input Impedance Circle Diagram,” Wheeler Moneo-
graph No, 9, March, 1949.

Correspondence

x axis. In Fig. 2 the transformed image
circle is shown in the xz plane as a straight
line C. The symmetry to the xy plane is now
easily obtained by a hyperbolic transforma-
tion along the z axis; this corresponds to an
ideal transformer. The projection Cis trans-
formed into C’ (see Fig. 2).

Fig. 2—Graphical construction C—C’, which corre-
sponds to an ideal transformer.

In a basic research work, Deschamps® has
shown that the efficiency of a two-port net-
work can be expressed as the ratio of two
“pseudo distances” from a point P on the
sphere to two circles C; and C,. This ratio is
invariant by inversion; therefore it is not
influenced by transformations like the ones
already performed above. In Fig. 3 we in-
terpret the circle Gy as C’ and C; as the great
circle in the yz plane. An arbitrary load will,
after transformation through the network,
correspond to a point on the sphere to the
right of C’. For simplicity, let us select the
point P shown in Fig. 3. Using the notations

de

Fig. 3-——Graphical determination of the efficiency ».

8 G. A. Deschamps, “Geometric viewpoints in the
representation of wave guides and waveguide junc-
tions,” Proc. Symposium on Modern Network Sym-
l{;c;i:. Polytech. Inst. of Bklyn., pp, 277-295; April,
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of the figure, we can write the efficiency n of
the two-port network:

==t (1)

where da=1, because it is the radius of the
unit circle. The use of similar triangles im-
mediately yields a distance OP;=1/7 on the
z-axis. The polar to P; cuts the z axis at Py,
so that OP;=n. Fig. 4 shows a simple con-
struction for obtaining P, without any con-
structions outside the unit circle.

Fig. 4—Graphical determination of the efficiency 5.

It is interesting to check that if the point
P issituated in (1, 0), 7 =7max; this is evident
from Fig. 5. Py is simply the crossover point
between the = axis and a line joining (—1, 0)
and the upper point of C’. Therefore
L

= Mmax = 7 ° 2
7 =n 7 2

Fig. 5—Graphical determination of the
maximum efficiency npax.

The yz plane contains the complex reflection

coefficient plane. Fig. 5 reveals that pmx is

the radius of a circle which is C’ stereo-

graphically mapped on the yz plane from the

point (—1, 0). This checks nicely with
Wheeler and Dettinger.*

E. FoLKE BOLINDER

Res. Lab. of Electronics

Mass. Inst. Tech.

Cambridge, Mass.

(Formerly at Royal Inst. Tech.

Div. of Radio Eng.

Stockholm, Sweden)
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TV Sweep Generation with Reso-
nant Networks and Lines*

The principal object of this communica-
tion is to extend the discussion in the above
article by Schlesinger.! At the same time
we wish to direct the attention of the read-
er to a correction of the appendix of the
same article.

Eq. (14) of the appendix of Schlesinger’s
article gives as the error squared

G= f :_m[f(t) = 3 Gusin (nwt) | d. (14)

n=l

G becomes an “extremum,” if all the 5G/5as
vanish where % runs from 1 to N. Recogniz-
ing that # is a dummy index of summation in
(14) we obtain

Gloa = [ [f(t) =3 gasin (nat)

ne=l

- sin (kwt)dt

which results in a system of simultaneous
equations of the form
N H=(7]2)
> AinGa = f 1) sin (Bwt)dt,
-1

where

H—(T/2)
Apn = f sin (nwt) sin (hwt)d,
T2

(k,mn=1,2,--- N).

Since the functions sin (kwt) are not orthog-
onal over the interval of integration, the
matrix A, is not a diagonal one and Schies-
inger’s (15) and (16) and Tables I and II are
incorrect. The error in (15) is further illus-
trated by the example f(f) =sin «f, and by
noting that in Fig. 3 of Schlesmger s article
the modified approximation has a larger error
over the reduced interval than that of the
normal approximation. (At 20° the respec-
tive errors are 40 per cent and 22 per cent.)

Referring to the resonant type of sweep
Dr. Schlesinger concludes that *“ . . . it can
meet but not beat the performance standards
set by the power feedback type of circuits
now in use.” By paying attention to the
details of design a relatively simple reso-
nant typeof circuit will yieldgreatly improved
performance from the standpoint of circuit
efficiency without any sacrifice of retrace or
linearity characteristics.

I have had a resonant type of sweep in
operation since 1950. The circuit shown in
Fig. 1 employs a 6AUSGT driver and a
6WA4GT diode to deflect a 70° tube at 15
kv anode voltage. The total input to the cir-
cuit is 30 ma at 360 v; 7.e., an input power of
11 watts; in addition to the sweep, screen
supply and high voltage are obtained as
outputs. This high efficiency is obtained by
the addition of two inductances and capaci-
tors to the conventional circuit. It may be
mentioned that the 6AUSGT has seen about
6000 hours of service.

* Received by the IRE, July 3, 1956,
K. Schlesinger, Proc. IRE, vol. 44, pp 768-775;
June, 1956,
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It does not seem that ac-dc conversion ef-
ficlency should be defined as the ratio of
(4LI%*) over power input, because the ex-
pression (}LI?) is merely the peak energy
stored in the yoke, whereas the true value of
the circulated volt-amperes is the summation
of the products of the frequency components
of yoke voltage and current; this will be
approximately (§L7%f). Of course, the actual
power dissipated in the yoke depends upon
the yoke losses at the various harmonics of
sweep frequency. In the conventional cir-
cuit the reactive power is handled by the
driver and diode; the tube losses will be
roughly proportional to the square of the
current components of the yoke, and it may
be observed that 72.5 per cent of this loss is
included in the fundamental and 89 per cent
in the fundamental and second harmonic.
In an efficient resonant type of sweep cir-
cuit, employing resonance at fundamental
and second harmonic, the tube losses at
these frequencies may be eliminated, so that
if the higher harmonic components of cur-
rent are not seriously increased, the tube dis-
sipation may be reduced to 11 per cent of its
normal value. The principal losses will then
be those in the yoke, the transformer, and the
reactive elements which are added to the

circuit.
‘W
x2
Ml
./Lw(\ 360V
W4 Gr |
ADDED REACTANCES

4»—Eo:\_l
b — —)

Fig. 1—Practical resonant sweep deflection
circuit.
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While the proper admittance may be
realized in the form of a (nonuniform)
transmission line which resonates the yoke
at the sweep frequency and many of its
harmonics, the proper admittance function
should be determined from the condition
that the higher order harmonic power not be
increased.

The determination of the admittance
function will be explained by reference to
Fig. 2. Fig. 2(b) and 2(c) shows the yoke
voltage and current. Vacuum tubes are em-
ployed to control the yoke voltage during the
trace portion of the cycle; during the re-
trace portion, the vacuum tubes are open
circuits. Fig. 2(d) and 2(e) shows the cur-
rents which would flow in L; and L, if they
are respectively series tuned to frequencies
equal to the reciprocal of the trace period and
twice the reciprocal of the trace period. The
magnitudes of I; and I; may be controlled
by the magnitudes of L, and L,, so that
with a proper choice (based upon Fourier’s
series) the sum current is a minimum in rms
value and is shown in Fig. 2(f). The vacuum
tube current is shown in Fig. 2(g).

For the details of design we refer again
to Fig. 2. Let the sweep period be 2x and the
retrace period be 2b so that the trace period
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is 2(x—b). We shall write the yoke voltage

as

—-b<t<d
b<t<2r—5. (1)

E = cos wt
E = coswb

To o I I 247
@ . i
0 I [P

]
O mMm+o0
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“n o~ /
@ 1,\
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(DHIg
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Fig. 2—Determination of correct admittance
function.

Since the integral of the yoke voltage over
one full period must vanish we have the
relation

tan wb = — w(r — b). 2

If the yoke voltage is impressed across a
unit inductance in series with a capacitor
equal to (1/a)?, the current in the inductance
is a solution of the differential equation

(## +at)] = pE ©)

where p denotes differentiation with respect
to time. Because of the differential equation
and the continuity of the impressed voltage
the current and its first derivative are both
continuous. We choose « so that

aln — b) = kx 4)
where k is an integer. As a result of (3) and

(4) and the conditions of continuity, the
current is

=2 [ in wt
= Sin w.
F—at

b
ame sinat:l —b<t<b
nab

I=4 sina(t—m) b<t<2r—b ()
where
W
(—Nda = g [w cos wb

— a sin wb cot ab]. (6)

Reference to (2) permits one to write

2
(—1)*4 = ——— (1 + krcotab) coswb. (7)
w' — a

The yoke current in a unit inductance during
the trace period is (x —¢) cos wb, and since 4
is the magnitude of the current in L,, the
proper value of L; is
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2
L= m (1 + kwxcot ab) Lq,

kr

r—2b

a= 8)
where Ly is the yoke inductance. The capaci-
tances are determined from

= 1/02Ls. ©)

By elementary synthesxs other equivalent

circuit configurations may now be derived

which have a more convenient practical
form.

T. C. GorpoN WAGNER

Dept. of Elec. Eng.

Univ. of Maryland

and Davies Labs.

Riverdale, Md.

Author’'s Commeni?

In this author’s opinion, Mr. Wagner's
letter does not invalidate any of the state-
ments made in the paper.

1) The set of coefficients derived by (16)
in the appendix of the paper, is plotted
graphically in curve (b) of Fig. 3. This
curve approaches the ideal sawtooth
wave 3 times better in the sweep-interval
(40° <4 <320°), than does the conven-
tional Fourier series, graph (a) in Fig. 3.
The interval —40°<¢<+40° where
curve (b) is twice as much in error as
curve (a), is not sweeptime, but flyback-
time. This is so stated on page 770, lines
5-8. of the paper. By citing thisstatement
in reverse, as he does, Mr. Wagner makes
a supporting evidence look like a dis-
crepancy.

2) The expression LI for circulating ener-
gy, as used in the paper, is a logical
choice, since it can be measured readily
and is independent of waveform. Both
advantages are lost if this expression is
replaced by the sum of sideband energies,
as suggested by Wagner. Besides, the
end result of his summation is in error
by an order of magnitude.

3) The circuit shown in Wagner’s Fig. 1
does not belong in the group of circuits
for “synthetic sweep,” as discussed in the
paper. Rather, his is a conventional
power feedback circuit, with the “booster
diode?” shifted from the plate return to the
cathode return.

In operation, Wagner’s circuit will: a)
stop output as soon as trigger pulses stop;
b) deliver an approximate sawtooth-output,
even with the reactance network discon-
nected.

Both performance features are the op-
posite of the typical behavior of sweep form-
ing networks, as shown in Figs. 6 and 12 of
the paper. None of the circuits shown there
uses power feedback. Note that power-
recovery by a booster-diode, and power-
storage and recirculation in a resonant net-
work, are two basically different approaches

Received by the IRE, August 29, 1956.
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to the problem. The first is inherently a “one-
shot” system; the second is a “ringing” sys-
tem. Both methods are mutually exclusive!

Wagner's circuit is a hybrid between the
two, trying to combine the advantages of
both. However, it has been the writers ex-
perience that the introduction of power-
feedback into resonant sweep causes the
network Q to drop at a rate which largely
offsets thebooster gain. Conversely, the addi-
tion of a sweep-forming network to a well-
designed power feedback circuit may do
more harm than good, since the network
only adds its own losses to the system, with-
out the returns from resonance.

A glance at Wagner's Fig. 2 confirms the
suspicion that his network is heavily damped.
His branch-currents I; and I3 have lost all
resemblance to pure harmonics. It requires
some courage to try to analyze that situa-
tion!

Of course, this test cannot be used to
prove or disprove my analysis of synthetic
sweep, since there is no basis for comparison.

Specifically, I can see why the retrace in
Wagner's circuit is as fast as that of a con-
ventional switching circuit, and not as slow
as would follow from my Fig. 2, for a two-
pole resonant network. His network can-
not “flywheel,” since it is gated after each
cycle.

Mr. Wagner’s contention, that only two
harmonics are enough to build a good saw-
tooth, is without any foundation in theory
or practice. This may happen with distorted
current components as shown in his Fig. 2.
Such complex waveforms are, indeed, un-
usually accommodating at times.

But if Wagner ever tried to synthetize
a saw from pure sinewaves, and had only
the first two terms to work with, then I am
sure that he would soon find himself in com-
plete agreement with all statements made
in my paper.

KURT SCHLESINGER
TV Res. Dept.
Motorola Inc.
Chicago 51, IlL.

Letter from Mr. White?

The recent paper by Schlesinger! on reso-
nant networks for sweep circuits was of
especial interest inasmuch as a somewhat
similar investigation some years ago indi-
cated that remarkably good sweep wave-
forms could be synthesized from a finite
number of harmonic components. Although
this study never reached the experimental
stage due to practical difficulties associated
with the problem at hand, the results are
presented here in the hope that they may be
of interest to others wishing to pursue the
subject further.

The modified Fourier series used by
Schlesinger exhibits a kind of Gibbs' phe-
nomenon which is typical of applications
where a discontinuous function is approx-
imated by a finite number of Fourier com-
ponents. For example, it may be noted that
the waveform of Fig. 3 of Schlesinger’s
paper has a peak slope variation of about

Received by the IRE, September 11, 1956
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50 per cent whereas when the number of
harmonics is increased from 4 to 8 as in Fig. 4
of Schlesinger’s paper, the peak slope error
is reduced only to about 38 per cent. To one
whose primary interest is the minimizing of
slope errors, these figures may be discourag-
ing. As will be shown, however, using a differ-
ent technique to determine the harmonic
amplitudes permits one to synthesize sweep
waveforms with the slope errors held to a
specified tolerance.
Consider the time function

wi
Cos —
2

wT
cos —
2

,(t) = Tor

where

Ta(x) is the nth order Tchebycheff poly-
pomial
r=constant=1% the allowed total re-
trace time
w=27xX the desired sweep repetition

rate.

It is apparent that f(¢) is a polynomial in
even powers of cos wi/2 and that if we make
use of the relation

?ws(%‘)&"
(29)1, @2s)!
=2 Lo 2 & Gaoie—at

then f(!) can be expressed as a harmonic
series in the form

cos (kwt)]

=7+ kilfk cos (kwt).

From the properties of the Tchebycheff
polynomial, we may also deduce that

(@) 5e0(5)
o (§)[2(5).

These properties are illustrated in Fig. 1

(f®| =1 when

If(t)l 1 when

405

_AVERAGE VALVE 7.32

L

- 4
A ° &5 L LA 1.4
3 3 3

wr

Fig. 1—The function f(¢): 4 harmonics, wr =x /3.

which is a plot of f() for the case where
r=4 and wr=7/3.
Suppose now that we form the function

L) —f * fysin (kot)
R e O e
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g(®) will be characterized by a steeply rising
slope during the intervals —7<¢<r and an
approximately uniform declining slope dur-
ing the interval r <! <(27/w) —7. The limits
of variation of this slope are given by the
relation

1 d 1
1= ss- {0} s+
f d(wt) f
or, in other_words, the fractional variation in
slope is 1/f. In Fig. 2, we have plotted both

) l
SWEEP
——me= RELATIVE SLOPE

, PN M T
g ,’ S P
/
/
/
0 /
° 3 2 v
3 3

wr

Fig. 2—The function g(¢) and its relative slope:
4 harmonics, wr =n/3.

g(#) and its slope function for the four har-
monic case where wr ==/3. The relation be-
tween maximum slope error, allowable re-
trace time, and the number of harmonics
required is shown in Fig. 3. This is a plot
of 1/f vs wr for the cases of 2, 4, 6, or 8
harmonics.

RETRACE TIME IN PERCENT
0 20 30 40 50 60
L L

L
¥

100 +

—t—
2 HARMONICS

PERCENT SLOPE VARIATION
|
I

o 20 40 60 80 100 120
wr IN OEGREES

Fig. 3—Slope variation as a function of retrace time.

Fig. 4 shows the slope error for two cases
which are roughly equivalent to the ones
computed by Schlesinger. Curve no. 1 is the
slope error for 4 harmonics and wr=>53.3°
It will be noted that the peak slope error is
25 per cent and that the duty cycle between
waveform peaks, i.c., between points where
the slope is zero, is 77 per cent. This corre-
sponds with Schlesinger’s curve which gives
about 50 per cent slope error over the same
duty cycle. Curve no. 2 of the same figure
is the slope error for 8 harmonics and
wr=37° This curve gives a maximum slope
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Fig. 4—Slope variation curves: curve 1, 4 harmonics,
wr =53.3% curve 2, 8 harmonics, wr =37°,

error of 10 per cent and a duty cycle be-
tween waveform peaks of about 83 per cent.
This corresponds to Schlesinger’s result for 8
harmonics which gave 38 per cent slope
error with the same duty cycle.

From the oscilloscope photographs, it is
apparent that Schlesinger in his experi-
mental tests was obtaining better perform-
ance than his theory indicated. It is prob-
able that the actual harmonic amplitudes
were closer to the Tchebycheff values than
to the Fourier values.

WARREN D. WHITE
Airborne Instruments Laboratory
Mineola, N. Y.

Author's Comment*

The correspondence by Mr. White is a
valuable contribution to the problem of syn-
thetic sweep. It is of particular interest that
there seems to be general agreement between
the Tchebycheff and the Fourier approach
in evaluating retrace speed as a function of
bandwidth. This point, as well as power
efficiency, has been more of a problem, in
our experimental work, than sweep linearity,
which was generally satisfactory.

There may be room for two additional
comments:

1) In the display of stationary television
pictures, it appears that positional
errors are more readily detected than
slope errors of equal magnitude. As-
suming, for example, a sinusoidal
velocity modulation of +p, per cent
with N cycles per scan. The resulting
positional error is p; =p,/2x N, where
pz=Ax/W, and W the picture width.
Hence, short ripples on the slope-
curve may pass unnoticed in the dis-
play. This seems to be borne out by
the photographs 7(b), 13(a), and 15(b)
of the paper where small oscillations,
discernible on the yoke-voltage wave,
do not seem to appear on the sweep
wave. For the same reason, the im-
provement in sweep linearity between
Figs. 3(a) and 4 is better than the
slope error reduction would indicate,
because the “wavelength” of the slope
function 4(b) has decreased over Fig.
3 in the process of doubling N.

¢ Received by the IRE, October S, 1956.
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2) In comparing theory with experience,
it may be worth mentioning that all
practical circuits for resonant sweep,
as reported in the paper, used shock
excited harmonics, rather than con-
tinuous waves. As a result, the ampli-
tude of the Kth harmonic decreased
slightly during each scan, since K —1
cycles are ringing without external
power supply. In the network of Fig.
6, for instance, a loss of 1.3 db per
trace was observed for the 6th har-
monic.

As a result, the spectral distribution
varied slightly during a line scan, with a
resultant small nonsymmetry discernible in
Figs. 7 and 13. This is in violation of any
theory dealing with synthesis from cw
components. Hence, in order to study the
merit of different spectra more accurately,
it may be of interest to repeat the above
tests with equipment using N oscillators
locked to line-sync, as sources for harmonic
energy.

K. SCHLESINGER

Simplification of Field Strength
Computations for Shielded
Enclosures*

The method developed by Haber! has
made possible a considerable increase in the
accuracy of sensitivity measurements on
aircraft adf loop antennas in screen rooms,
but the computations involved in arriving
at the field strength become quite tedious.
The following derivation results in a simpli-
fied formula allowing direct computation of
the relation between the voltage output of
the signal generator used to feed the trans-
mission line, and the field strength in volts
per meter at the loop. This relation, having
the dimension of length, and usually referred
to as the “attenuation constant” or “room
factor” (Kg), is particularly useful in making
sensitivity measurements as required by
RTCA specifications, where acceptance cri-
teria are based on the field strength neces-
sary to obtain the desired performance.

Haber’s original equation is

sinh a
cosh 8 — cosh @
sinh 2«
- cosh 28 — cosh 7%

I
Hmul="—|:
w

+ 4 sinh a cosh 8 exp (—27)]. (1)

This expression may be transformed by
applying standard hyperbolic identities into

I
Hiotal = — sinh a cosh 8
w

* Received by the IRE, August 3, 1956; revised
manuscript received, October 15, 1956.

' F. Haber, “Generation of standard fields in
shielded enclosures,” Proc. IRE, vol. 42, pp. 1693—
1698; November, 1954.
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1
. I:(cosh ﬁ+ cosh a) (cosﬁ: cosh a)

+ 4exp (—2‘7)]. (2)

N

This reduction gives an expression re-
quiring the use of only three hyperbolic
functions instead of six, with a quite appre-
ciable saving in time and tempers when
several computations are needed in quick
succession.

As defined above, Kq=EL/Eum, where
E;, is the signal generator output voltage,
and E,/m is the field strength at the loop in
volts per meter. Since Eom =Hiotai Zo, and
Ep=1Z., Z, being 120x ohms, the im-
pedance of free space, and Zy, the line ter-
minating resistance, the final expression for
K4 becomes

1 14842 sinh « cosh 8
Ky Ziw
1

. I:(cosh B8 — cosh a)(cosh 8 + cosh «)

+ 1exp (—27)]. )

The constant includes the conversion
factor necessary to permit the use of the en-
closure dimensions in inches.

This expression has been found conven-
ient in the computation of room factors for a
variety of screen rooms, and the sensitivity
measurements obtained have shown much
better agreement than those obtained with
factors computed from older formulas.

It should also be noted that when op-
erating at the low and medium adf frequen-
cies (below 2 mc) in a screen room of average
size (10-15 feet long), the transmission line
length is small compared to the wavelength,
and a cousiderable mismatch can be tol-
erated without seriously disturbing the field.
Under these circumstances, adjustment of
the room factor to a convenient value can
often be made by changing the terminating
resistance (Z1) on the line without changing
any other dimensions.

R. G. LESSNER AND A. S. MARKHAM
Bendix Radio Division

Bendix Aviation Corp.

Baltimore, Md.

A Comparison of Two Radiometer
Circuits*

Letter from Mr. Tucker

1 feel that the above paper,! although in-
teresting and valuable, fails to discuss sev-
eral important points which are essential to
a full understanding.

1) On examining the working for the
Dicke system it becomes clear that the fol-
lowing assumptions are made which are not

* Received by the 1RE, January 9, 1956.
1 8. J. Goldstein, Ir., Proc. IRE, vol. 43, pp. 1663-
1666; November, 1955,
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stated in the list of assumptions nor in the
conclusion, although they are vital to the
interpretation of the results:
a >
a g

8<q: an implicit assumption, left to the
reader to puzzle out for himself.

zexplicit assumptions

The last assumption is implied by the au-
thor's approximation

P, = [Gulg) + Gulg) J8.

In the working for the two-receiver sys-
tem, the assumption that y&a is implicit,
but is not stated.

These assumptions are made only for the
simplification of the analysis, and are not
necessary for the physical realization of the
systems, which would work perfectly well
with a nearly sinusoidal input and a<<8,
<Ky, ¢&8. The conditions which are neces-
sary for successful realization are not stated,
but I think that in the Dicke system one is
v <2q, and in the two-receiver system one is
¥ <2(fi—a). The two-receiver system is ac-
tually easily analyzed without any restric-
tion other than v <2(fi—a),? and a recent
paper of mined shows that when there is no
low-pass filter other than the one required
to eliminate the sum frequencies from
2(fi—a) upwards, then the output signal
/noise power ratio is

ONE
n/o 0‘,.4
in the author’s terminology. The effect of the
low-pass filter is easily allowed for, remem-
bering that the output spectrum is triangu-

lar; thus there is no effect at all until v is
reduced below «, and then

(S)_Zo'.‘ a?
n o_ ot v(2a — )

and if v a, this reduces to

(S) ot «a
n/e ot v

as obtained by the author.

2) In view of the approximations made,
the statement of the improvement of the
two-receiver system over the Dicke system
to three significant figures (i.e., 3.48) needs
qualification.

3) The paper is concerned only with
background noise arising in the receiving
amplifier. If the noise arises (as in many
practical applications, especially when the
radiation being measured is acoustic and not
electromagnetic) in the medium of propaga-
tion or in the receiver (e.g., antenna) before
the modulator, then the analysis of the two-

2 At this stage the reader should be reminded that
the two-receiver system merely multiplies together
the two input signals and then smooths the product
with a low-pass filter. The input bandwidth for signal
and noise is a, the center frequency of the band is fi
and the cutoff frequency of the low-pass filter is .
The input signal amplitude is o, and the input rms
noise amplitude is on.

3D, Tucker, “Signal/Noise Performance of
Muttiplier (or Correlation) and Addition (or Integrat-
ing) Types of Detector,” IEE Monograph No. 120R,
London, England; 1955.
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receiver system is still valid; but that of the
Dicke system is not valid, since this system
was intended only to overcome amplifier
noise.

4) It is concluded that the two-receiver
system can detect a signal at a level 3.5
times lower than the Dicke system can. But,
surely, if the two available receivers (e.g.,
antennas) were merely joined in parallel and
then applied to the Dicke system in place of
the one receiver assumed in the paper, then
the Dicke system would be improved by the
doubling of signal power, and would be in-
ferior to the other system by a factor of only
L.7.

5) It is not mentioned that the signals
at the two receivers (e.g., antennas) are fully
correlated only if the line joining the two
receivers is parallel to the signal wavefront.
In typical applications there is smooth and
continuous relative movement between the
source of radiation (whether terrestrial or
extraterrestrial) and the receiving system,
as produced, for example, by the rotation of
the earth, carrying the receivers, relative to
a source of radiation such as a radio star. In
fact such movement is usually essential to
efficient detection of the signal. In such a
case, the signal inputs of the two-receiver
system are fully correlated only at one posi-
tion, and the “dc” output, which traces the
cross-correlation function of the two receiver
inputs, is actumlly quasi-sinusoidal at a very
low frequency of say ~ve over a number of
cycles which depends on the bandwidth of
the receivers. It is clear, then, that there is a
fairly definite lower limit to the low-pass cut-
off frequency; when the filter has a rectangu-
lar band-response this limit is clearly o ap-
proximately, and this cutoff gives the lowest
attainable value of just-detectable signal.
This limitation does not apply to the single-
receiver system, where the lowest value of
the cutoff frequency (y) is limited only by
the time during which the signal is being re-
ceived at all.

6) The assumption of a rectangular low-
pass filter response is rather unrealistic, as
in many practical cases the integration time
required is very large, and RC-type networks
have to be used. Using the results of a cal-
culation by Griffiths* on the optimum use of
RC networks for separating signal from noise,
and assuming a quasi-sinusoidal output sig-
nal as described above, 1 have calculated the
effect of replacing the filter in the two-re-
ceiver system by N simple resistance-
capacitance circuits in independent cascade
(i.e., separated from one another by an am-
plifier or attenuator); and on the assumption
that the frequency of 3-db attenuation (y1)
of a single RC section is very small compared
with «, the optimum condition for detection
is

L =
Yo

Without this condition, the output sig-
nal/noise power ratio is

4 J.\W. R. Griffiths, “Optimum rc filters for separat-
ing sinusoidal signal from noise,” Wireless Engr., vol.
33, pp. 268-270; November, 1956.
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s=0 +jw

complex spinvel = logvel + j(spinvel),

where “log velocity” is contracted to “log-
vel.” The unit for “logvel” is nepers per
second, the unit for “spinvel” is radians per
second, and the unit for “complex spinvel”
is the ideal unit “nerad,” introduced by Buss.

In doing away with the standards we live
by, is it not just as important that we con-
sider “the thing” that spins around, with
reference to w in ac theory; voltages, cur-
rents, and charges. More plainly, let us once
and for all do away with the spinning vector
in ac theory, in favor of the phasor and its
ill-treated step-child, the sinor. How can
sound-thinking engineers continue year after
year to call scalar quantities vectors? What
about the hoax that jw is an algebraic quan-
tity (which would mean that it is the sum
of j pieces, each one being w), or the still
bigger hoax that by rigorous mathematical
thinking we obtain —1 because we can take
the square (meaning j?) of a square root,
when in reality there is no square, since j?
does not mean “j squared” but merely indi-
cates that the operation has been performed
twice! As a world authority in this field,
Emeritus Prof. J. Hollingworth of the Uni-
versity of Manchester, England, puts it:
“It would have saved a lot of trouble if it
had been written j»” (“it” standing for j2).3
Adding more “what abouts,” how come that
“instantaneous complex quantities” still do
not rate symbols of their own, such as I, for
Iei®t = [¢i®!+9)? Returning to s=o¢+jw, w is
called “real frequency,” and still worse, ¢ is
sometimes called “imaginary frequency.” In
the first place, neither one is a frequency,
and ¢ is just as real as w, so “real frequency”
fails to provide the proper distinction, and if
anything should be associated with “real,”
it seems that it should be the first quantity
¢ in s=c¢+jw, not the second quantity w.
The worst misnomer of them all, in this
writer's opinion, is, however, imaginary,
used by Buss and most everybody else. This
unfortunate term, introduced some three
hundred years ago by René Descartes
(1596-1650), seems slated to becloud our
minds for all future, giving young students
the idea that they are playing around with
fictitious things from an “imaginary world.”
This can be at least partly avoided in
straight-forward presentation of s=g-+jw
if we say that ¢ is the real (or reference, or
prime-direction) part, that jw is the j term,
and that w is the j part, or, if we so wish, the
quadrature part.! This terminology, in which
“imaginary axis” is replaced by “j axis,” also
eliminates the controversy of w=1Im(s), the
real w being the imaginary part of some-
thing, and substitutes the well-known writ-
ing w=0Q(s), where Q is inspired by “quad-
rature.”

Many difficulties, such as the ones men-
tioned above, are still thrown in the path of
the young electrical engineering student,
and this fact is mentioned here as a serious
suggestion that if we cleaned up the funda-
mentals, perhaps the pieces would all fit

3 J. Hollingworth, “The symbolic method,” Bull.
Elec. Engr. Education, England, no. 10, pp. 22-23;
June, 1953.

¢ H. Stockman, “On remprocal mductance.” Proc.
IRE, vol. 43, p. 341; March, 1955
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together when we would come to higher

learning, so that this discussion, ably started
by Buss, would not be necessary.

HARRY STOCKMAN

Neutronics Research Co.

Waltham, Mass.

Information Rate of a
Human Channel*

The rate at which a human being can re-
spond to and reproduce information is im-
portant in communication and in properly
relating machines to human beings. Previous
studies!'? have indicated that reading aloud
randomized lists of words leads to a higher
information rate than, for instance, typing,
playing randomized sequences of notes on a
piano, or tracking (pointing). Licklider,!
using words chosen randomly from a dic-
tionary, found a higher information rate for
tracking and reading simultaneously® than
for reading alone.

We obtain our highest rates, 42-43
bits/second, by using a “code” consisting
either of the 2500 most common monosylla-
blest (11.3 bits/word), or prose scrambled or
randomized over long stretches (11.82
bits/word?). These rates are as high as those
which Licklider obtained for reading and
tracking simultaneously. With our code,
reading and tracking simultaneously gives a
lower information rate.

We find that reading rates vary among
individuals and groups, being low (~2
words/second) among porters and high (~3
words/second) among engineers. For a
given individual, reading rate varies with
familiarity (among which thousandth in or-
der of frequency of usage the words are
chosen) and with number of syllables, as
shown in Fig. 1. Nonsense words are at first
read slowly, but with increased familiarity
the rate approaches that for meaningful
words.

Experiments indicate that the limitation
on reading rate is a very fundamental one,
mental rather than muscular (limitation on
rate of utterance), as illustrated by the fact
that a phrase can be repeated or prose read
faster than randomized lists can be read
(Fig. 2). Neither does the limitation seem
to be one associated with our mode of writ-
ing, for two bilingual Chinese readers read
randomized lists of common Chinese charac-
ters at almost the same rate at which they

* Received by the IRE, October 15, 1956.
tJ. C. R. Licklider, K. N. Stevens, and J. R. M.
Hayes “Studies in Speech, Hearing and Communica-
tion,” Mass. Inst. Tech., Acoustics Lab. Tech. Rep.;
September 30, 1954.

2 H. Quastler, ef al., “Human Performance in In-
formation Transmnssnon University of Illinois, Con-
trol Systems Lab. Rep. no. R-62; March, 1955.

3 In Licklider’'s case, “tracking” means touching
the interior of a box drawn beside the word; in our
case it means putting a dot close to a short vertical
hne to the right of a word.

L. Thorndike, “A Teacher's Word Book of
the Twenty Thousand Words Found Most Fre-
quently ...,” Columbia University Teachers Col-
lege; 1932,

$ C. E. Shannon, “Prediction and entropy of

rinted Englnsh " Bell Sys. Tech. J., vol. 30, pp. 50-64;
?nnuar)’ 195
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read randomized lists of the corresponding
English words.

In all, we have found a lower bound of
some 43 bits/second to the rate at which
information can be transmitted through a
human channel. This rate can be reached by
reading aloud randomized lists of the 2500
most familiar monosyllables. Longer or
shorter lists (more or less complex tasks)
give lower rates. The limitation on the rate
appears to be mental rather than muscular.
No higher rate has been achieved through
multiple tasks. Because the limitation ap-
pears to be a mental one, it may imply that
information rates of this order could provide
satisfactory sensory inputs in sound or pic-
ture transmission. We plan to publish our
results more comprehensively in an carly
issue of the Bell System Technical Journal.

J. R. PiErCE AND ]. E. KARLIN
Bell Telephone Labs., Inc.
Murray Hill, N. J.
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Robert D. Hatcher was born at Water-
vliet Arsenal, N. Y. in 1914. He was educated
at Virginia Polytechnic Institute, U.C.L.A,,
and Princeton. He
has worked in radio
since 1926.

Mr. Hatcher
' taught physics and

E == electronics at the

,’“ Naval Academy from

F / 1944 to 1948. Since

1948 he has been a

member of the staff

. of the National

Bureau of Standards

R. D. HATCHER and the Diamond

Ordnance Fuze Lab-

oratories, He is Chief of the Microwave De-
velopment Section at DOFL.

Robert A. Pucel (5'48~A’52-S'54-M’56)
was born on December 27, 1926, in Ely,
Minn. After serving in the U. S. Navy from
1945 to 1946, he en-
tered the Massachu-
setts Institute of
Technology and re-
ceived the B.S. and
M.S. degrees in elec-
trical engineering in
1951. From 1948 to
1951 he was enrolled
in a cooperative plan
and worked for the
General Electric
Company.

Following his grad-
uation in 1951, Dr. Pucel joined the Re-
search Division of the Raytheon Manufac-
turing Company, Waltham, Mass., where he
was a member of the Microwave Noise
Study Group. 1n 1952, he returned to M.1.T.
as a doctoral candidate, and was also a staff
member of the Research Laboratory of Elec-
tronics. He received the degree of Doctor of
Science in electrical engineering in 1955 from
M.LT.

In 1955, he rejoined the Research Divi-
sion at Raytheon as a staff member of the
Theoretical Physics Group, where he is
principally engaged in the study and appli-
cation of new solid-state device concepts.

Dr. Pucel is a member of Sigma Xi.

R. A. PuceL

Jan A. Rajchman (SM’'46-F'53) was born
in London, England, on August 10, 1911. He
received his diptoma in electrical engineering
in 1934 and the degree of Doctor in technical
sciences in 1938 from the Swiss Institute of
Technology, Zurich, Switzerland. He started
in the Summer of 1935 as a student eneineer
at RCA Manufacturing Co. in Camden,
In 1936 he joined the staff of RCA Manu-

facturing Co. as a research engineer and in
1942 he was transferred to the RCA Lab-
oratories in Princeton where he is a member
of the research staff.

At first Dr. Rajch-
man worked in elec-
tron optics. He is
chiefly responsible for
the development of
the electron multi-
plier tube. During
the war he wasamong
the first to apply
electronics to compu-
ters. Later he worked
on the betatron for
which he became a
co-recipient of the 1947 Lovy Medal of the
Franklin Institute. After the war he re-
sumed work on computing devices. He de-
veloped the selective electrostatic storage
tube. Turning to the new fic'd of magnetics
he developed the magnetic core memory,
magnetic switching circuits, and more re-
cently the transfluxor. He is presently active
in the field of magnetics and other solid state
devices.

Dr. Rajchman is a member of the Ameri-
can Physical Society, the Council of the As-
sociation for Computing Machinery, and
Sigma Xi. He has been granted more than
50 U. S. patents.

J. A. RAJCHMAN

L3
o

Frank Reggia (A'55) was born in North-
umberland, Pennsylvania on October 30,
1921. He attended George Washineton Uni-
versity, and the Uni-
versity of Marvland,
and is a graduate of
Radio Matérici School
at the Naval Re-
search Laboratory in
Washington, D. C.
While a member of
the Armed Forces, he
served as an electron-
ic specialist in both
the United States

F. REGGIA and in the Pacific

Theater. Following

separation in 1945, he joined the staff of the

Microwave Standards Section of the Na-

tional Bureau of Standards, where he was

engaged in research and development in a
microwave standards program

Mr Regegia joined the technical staff of
the Diamond Ordnance Fuze Laboratories,
Department of the Army, Washington,
D. C., in 1954 Since then he has been en-
gaged in measurement techniques and ap-
plications of ferrites at microwave frequen-
cies. He is a member of the Washington
Society of Engineers. He received the Wash-
ington Society of Engineers’ award for 1953,
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William Shockley (SM’51-F’'55), one of
three recipients of the 1956 Nobel Prize in

Physics for his work on semiconductors and
discovery of the transistor effect, was born
in London, England, on February 13, 1910,
He received the B.S.
degree in 1932 from
California Institute
of Technology. Con-
tinuing his studies at
Massachusetts Insti-
tute of Technology
on a teaching fellow-
ship, he received the
Ph.D. degree in
physics in 1936.

In September of
that year he joined
Bell Telephone Lab-
oratories, where his work included vacuum-
tube and electron-multiplier design, radar
development, solid-state physics, magnet-
ism, and semicondurtors.

In 1942, Dr. Shockley was assigned to
Columbia University Division of War Re-
search as Director of Rescarch for the Anti-
submarine Warfare Operations Research
Group. In 1944 he became a consultant to
the Office of the Secretary of War.

Returning to Bell Telephone Labora-
tories in 1945, he became director of tran-
sistor physics, and in collaboration with
W. H. Brattain and John Bardeen, worked
on the developmznt of the transistor.

At present, Dr. Shockley is director of
the Shockley Laboratory of Beckman In-
struments, Inc., Mountain View, Calif.

He was awarded the IRE Medal for
Merit in 1946 and the Morris Liebmann
Award in 1952, and in 1951 was elected to
the National Academy of Sciences. In June,
1956, Rutgers University awarded him the
honorary degree of Doctor of Science. He is
a member of the American Physical Society,
Tau Beta Pi, and Sigma Xi.

W. SHOCKLEY

Edward G. Spencer was born on July 21,
1920, at Lynchburg, Va. He received the
B.S.E. degree in physics from George Wash-
ington University
and the M.A. degree
in physics from Bos-
ton University. He
did further graduate
work at Massachu-
setts Institute of
Technology and at
the University of

Maryland. From
1943 to 1946 he was
engaged in micro-

E. G. SPENCER

wave radar research
at the Naval Re-
search Laboratory.

From 1946 to 1949 Mr. Spencer was
associated with the Cambridee Air Force
Research Laboratory, and from 1949 to 1953
with the Naval Research Laboratory. Dur-
ing this time he worked in microwave spec-
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troscopy of gases and paramagnetic and
nuclear maenetic resonance of solids. In
1953. he joined the National Bureau of
Standards, Ordnance Electronics Division,
which is now the Diamond Ordnance Fuze
[Laboratories. lle is at present engaged in
microwave physics research.

Mr. Spencer is a member of the American
Physical Society.
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Hermann Statz was born in Germany on
January 9, 1928. He received the Diploma in
Physics in 1949, and the Doktor der Natur-
wissenschaften de
gree in 1951, from the
Technische Hoch-
schule, Stuttgart.
During 1949 to 1951,
he was a research as-
sociate at the Max
Planck Institut fiir
Metallforschung
Stuttgart. From 1951
to 1952, he held a re-
search stipend from
Deutsche For
schungsgemeinschaft;
his werk wasconcerned with problems in theo-
retical s.lid state physics. In 1952 he joined
the staff of the Solid State and Molecular
Theory Group at the Massachusetts Insti-
tute of Technology, where he worked on the
theory of ferromagnetism. Since 1953 he has
heen with the Research Di.ision of Ray-
theon Manufacturing Co., Waltham, Mass.,
doing research in solid state physics and re-
lated fields.

Dr. Statz is a member of the American
Physical Society.

H. Statz
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Arthur P. Stern (A’51-SM’55) was born
on July 20, 1925 in Budapest, Hungary. He
studied at the Universities of Budapest and
Lausanne and at the
Swiss Federal Insti-
tute of Technology
in Zurich, where he
acquired the Mas-
ter’s degree in electri-
cal engineering in
1948.

From 1948 to
1951, Mr. Stern did
research and develop-
ment work in the
field of gaseous dis-
charges in Switzer-
land. In 1950, he became instructor for
illumination engineering and photometry at
the Swiss Federal Institute of Technology.

Mr. Stern came to the United States in
1951 and joined the staff of the General
Electric Company's Electronics Laboratory
in Syracuse, N. Y. He worked first in the
field of color television systems and shifted
his activities later to problems of solid state
and, in particular, transistor circuitry. At
the present time, Mr. Stern heads the Ad-
vanced Circuits development section of the
Electronics Laboratory.

Mr. Stern is a member of the Scientific
Research Society of America, and an associ-
ate member of AIEE.

A. P. STERN

John E. Tompkins was born in Waterloo,
lowa, in 1922. He received the Bachelor’s
and Master’s degrees in physics from George
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Washington University. During the war he
worked in mass spectrometry at Oak Ridge.

Since 1949 Mr. Tompkins has been em-
ployed as a micro-
wave physicist at the
Bureau of Standards
and the Diamond
Ordnance Fuze Lab-
oratories.

Mr. Tompkins is
a member of Sigma
Pi Sigma, The Ameri-
can Physical Society,
The American As-
sociation of Physics
Teachers, and an as-
soctate member of

J. E. ToMPKINS

Sigma Xi.

o

James P. Wittke was born in Westfield.
N. J. on April 2, 1928. He received the M.E.
degree from Stevens lnstitute of Techuolog
in 1949 and the M.A.
and Ph.D. degrees in
physics from Prince-
ton University in
1952 and 1955, re-
spectively.

After a year ar
instructor at Prince-
ton University, Dr.
Wittke joined the
technical staff at
RCA Laboratories.
Since 1955, he has
been engaged in an
experimental and theoretical study of molec-
ular amplification.

He is a member of the American Physical
Society, Sigma Xi, and Tau Beta Pi.

J. P. WiTTKE
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A schedule of 55 technical sessions ap-
pears on the next page, followed by abstracts
of the more than 280 papers to be presented.

Radio Engineering Show

This year’s exhibition will be held in a
new convenient location, the New York
Coliseum at 59th St. and 8th Ave. A list of
the 840 exhibitors and their products ap-
pears in “Whom and What to See at the
Radio Engineering Show” in the advertising
section of this issue.

Annual Meeting
Time: 10:30 A.M., Monday, March 18.

Hotel.

Speaker: Donald G. Fink, Director of Re-
search of Philco Corporation and Editor
of IRE, “Electronics and the IRE-1967.”
The special features of this opening

meeting of the convention will be of particu-

lar interest to all IRE members.

Annual IRE Banquet

Time: 6:45 p.M., Wednesday, March 21.

Place: Grand Ballroom Waldorf-Astoria
Hotel.

Guest Speaker: Dr. John A. Hannah, Presi-
dent, Michigan State University.

Presentation of IRE Awards: [ohn T.
Henderson, IRE President.

James D. O’Connell, U.S. Army Signal
Corps.

Toastmaster: Rear Admiral
Horne, Convair.

Charles F.

Cocktail Party

Time: 5:30-7:30 p.M., Monday. March 18.
Place: Grand Ballroom, Waldorf-Astoria
Hotel.

Women’s Program

An entertaining program of tours and
shows has been arranged for the wives of
members. Women’s headquarters will be
located in the Regency Suite on the fourth
floor of the Waldorf.
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ABSTRACTS OF TECHNICAL PAPERS

SESSION 1*

MON. 2:30-5:00 P.M.

WALDORF-ASTORIA
STARLIGHT ROOF

Nonlinear Control Systems

Chairman: M. R. AARON, Bell Tele-
phone Labs., Murray Hill, N. J.

1.1. Nonlinear Compensating Net-
works for Feedback Systems

E. MisHrIN AND J. G. TRUXAL,
Polytechnic Institute of Brooklyn,
Brookiyn, N. V.

A class of nonlinear networks for the com-
pensation of linear and nonlinear feedback
systems is described. The nonlinear networks
are restricted to tandem, parallel, or feedback
networks involving diode realization of the fre-
quency-independent, nonlinear portion of the
network and active, RC realization of the lin-
car, frequency-dependent portion. The entire
compensating network is inserted in a low-
power-level, subsidiary feedback path.

Analog-computer and actual-system studies
are described to indicate the results in two sys-
tems, one involving backlash and the other the
combination of saturation and dead zone sepa-
rated by a linear, integrating system,

1.2. Direct Synthesis through Block
Diagram Substitutions

O. J. M. SmitH, Elec. Eng. Diy.,
University of California,
Berkeley, Calif.

A direct synthesis procedure is presented
which starts with a block diagram representa-
tion of four statements. These statements are:
the problem, the restrictions, the criteria for
design, and the optimum possible mode of
operation. Each of these is presented as a block
diagram, and the four are combined for a re-
sultant statement of the problem. By the appli-
cation of certain types of block diagram substi-
tutions the resultant system design can be ob-
tained directly, Examples are shown for the
control of dead time and nonminimum phase
zeros, lightly-damped oscillatory systems, non-
linear control of saturating systems, and statis-
tical synthesis,

1.3. A Nonlinear Control System for
Wide-Range Input Signals

J. Tou anp Y. H. Ku, Moore School
of Elec. Eng., Universily of Penn-
sylvania, Philadelphia, Pa.

This paper gives a nonlinear control system
for improving servosystem performance when
the input signal varies over a wide dynamic
range, causing sensitive controllers and error-
detectors to undergo saturation and lose ac-

* Sponsored by the Professional Group on Auto-
matic Control. To be published in Part 4 of the 1957
IRE CONVENTION RECORD,

curacy. In parallel with the controller of a
servosystem, a nonlinear device is connected
which is inactive when the signal is below a cer-
tain preset range. When the signal gets beyond
this range, the sensitive control becomes satu-
rated and the nonlinear device formsa by-pass
for sending adequate information to the con-
trolled system. Thus a combination of precision
and coarse controls is incorporated in the sys-
tem. Several possible cases are investigated.
Analysis and design of such nonlinear control
systems are described in the paper.

1.4. Switching Discontinuities
in Phase Space

J. C. HunG anND S. S. L. CHANG,
Dept. of Elec. Eng., New York
University, New York, N. Y.

In an “optimum” nonlinear servosystem,
which may either be of the contactor type or of
the saturated type, the error derivatives are
not continuous at the moment of switching if
the transfer function of the controlled system
has a polynomial in s as its numerator.

The above effect, which has hitherto been
neglected in the literature, forms the basis for
a general. modified phase-space switching cri-
teria for nonlinear servos of this type. The
theory is applied to the depth control problem
of a submarine to determine its theoretical opti-
mum switching boundaries.

1.5. Nonlinear Techniques Applied
to the Analysis of Pilot-
Induced Oscillations

I. VAN HorN, Convair Div., General
Dynamics Corp., San Diego, Calif.

The advent of high-speed aircraft has
brought stability contro! problems which stem
from the fact that the human pilot is a part of
the closed loop causing oscillations. Two factors
combine to make analysis of the system diffi-
cult. They are the unpredictability of the pilot
transfer function and the nonlinearity of the
pilot controls.

This paper uses describing-function tech-
niques together with a simplified representation
of the pilot transfer function to analyze pilot-
induced oscillations. Comparisons are made
with flight test results to verify the conclusions
reached.

SESSION 2*

2:30-5:00 P.M.

WALDORF-ASTORIA
ASTOR GALLERY

MON.

Vehicular Communications

Chairman: C. M. HEIDEN, General
Electric Co., Syracuse, N. V,

2.1. How Far Can We Go in Nar-
rowing Channels in the Land
Mobile Radio Services?

* Sponsored by the Professional Group on Vehicular
Communications, To be published in Part 8 of the
1957 IRE CONVENTION RECORD.

C. B. PLUMMER, Federal Com-
munications Commission,
Washington, D. C.

The ratio of assigned channel bandwidths
to intelligence bandwidths has been gradually
reduced from about 60 to 1 to 10 to 1 in the
last 10 years. W:ll equipment manufacturers 10
years hence approach a ratio of 1 to 1?

2.2, Practical Modern Network
Theory Design Data for
Crystal Filters

M. DisHAL, Federal Telecommunica-
tion Labs., Nutley, N. J.

In many radio systems (for communication,
navigation, counter-measures, etc.) it is often
desired that the system band-pass response be
supplied by a single lumped filter having these
two characteristics: 1) A high rate of cutoff in
db per octave outside the pass band, and 2)
a high “fractional midfrequency,” i.e., a high
(fo/BWiap).

For midfreguencies up to vhf it will be
shown that when the required product of the
above two characteristics is greater than ap-
proximately 800, it is impractical to satisfy
the band-pass filter specification with “eco-
nomical” LC resonators because of their lim-
ited unloaded Q.

Because quartz-crystal resonators have ap-
preciably higher unloaded Q's, it is logical to
consider their use when faced with the above
specifications.

However, most of the information available
on the design of crystal filters is based on the
design procedures of image-parameter-theory.
Because the generator and load impedances
physically available can never satisfy the “char-
acteristic impedance” requirement of this
theory, this design information is only ap-
proximately “correct.” In this present paper
the design procedures of modern network theory
are applied to some of the most useful crystal
filter configurations, and the more accurate
design data which results is presented.

2.3. Recent Developments in Mo-
bile Radio in Britain

J. R. BRINKLEY, Pye Telecommu.-
nications, Ltd., Cambridge, Eng.

The paper outlines briefly the development
of vhf mobile radio in Great Britain and de.
scribes why AM is dominantly used as opposed
to fm.

The first ten years of development have
been based on two frequency bands 71.5—88
and 156—184, and 50-kc channeling has been
used in the lower and 100 ke in the higher bands.

A second phase of development is being
entered. This has been precipitated by the loss
of channels to commercial tv and to the pres-
sure for more mobile channels. This has led in
turn to the need for closer channel spacing and
more stringent specifications. Fifty-kc channel-
ing becomes mandatory in 1957 and already
apparatus capable of 25-kc channel spacing isin
operation in both bands.

The paper concludes with a reference to the
standardization of fm for international marine
purposes and considers the future of AM and
fm systems in relation to even closer channe!
spacings.
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2.4. A Manually-Operated Demand
Repeater for the 450-470-
MC Band

S. F. MEYER, Allen B. DuMont
Labs., Inc., East Paterson, N. J.

Channel assignments for land-mobile serv-
ices in the 450 to 470-mc frequency band offer
many advantages to various user groups. One
disadvantage, however, is the relatively poor
mobile-to-mobile coverage compared to the
lower frequency bands. This paper describes a
relatively inexpensive modification to existing
base station designs thereby permitting it to
operate as an “In-The-Band” repeater. The
mode of operation (dispatch vs repeater) is
selectable by the system dispatcher. The over-
all result is a land-mobile system in the uhf
band with unusual flexibility available on an
extremely econoinical basis.

2.5. Sinad Interference
Evaluation by Vosim

N. H. SHEPHERD, General Electric
Co., Syracuse, N. V.

A new method of adjacent channel inter-
ference evaluation which closely simulates
actual operating conditions will be described.
Several methods have been used in the past to
evaluate adjacent channel interference, such
as tone and noisc modulation on the interfering
signal. Each of those methods of modulation
have failed to reproduce levels of interference
comparable to typical voice modulation. This
paper will show the results of interference levels
produced by typical voice modulation com-
pared to Vosim modulation. Specifications for
standard Vosim modulation will be presented
to eliminate future guesswork in evaluating
adjacent channel interference by laboratory
measurements.

SESSION 3*

MON. 2:30-5:00 P.M.

WALFORD-ASTORIA
JADE ROOM

Propagation

Chairman: P. NEWMAN, Air Force
Cambridge Research Lab.,
Cambridge, Mass.

3.1. The Refractive Index of the
Atmosphere as a Factor in
Tropospheric Propagation

Far Beyond the Horizon

R. E. Gray, Federal Telecommu-
nicalion Labs., Nutley, N. J.

Transmission loss measurements have
shown that a close correlation exists, in tropo-
spheric scatter propagation, between the index
of refraction of the atmosphere and path loss.
The exceptional values of transmission loss,
which occur for, say, 10 per cent of the time,
are shown to be chiefly due to abnormal varia-

* Sponsored by the Professional Group on Antennas

and Propagation, To be published in Part 1 of the 1957
IRE CONVENTION RECORD.
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tions with height of the refractive index;
measurements indicate, however, that the
monthly median value of transmission loss is a
function of the average monthly value of the
surface refractivity on the transmission path.
Thus, with tropospheric scatter propagation,
the transmission loss over a given path is a
function of the surface value of refractive in-
dex, as measured on the transmission path, and
of the variation of this index with height.

3.2. Attenuation and Fluctuation of
Millimeter Radio Waves

C.W. ToLBERT AND A. W. STRAITON,
Elec. Eng. Research Lab., Uni-
versity of Texas, Austin, Texas

Radio propagation measurements at a wave-
ength of 4.3 mm over a 61-mile path between
Pikes Peak and Mount Evans are reported. An
estimate of the water vapor and oxygen ab-
sorption is made from the variation of the at-
tenuation with moisture content. The spectra
and rms of the fluctuations of the millimeter
waves are compared to those of the 3.2-cm
waves recorded simultaneously. Instantaneous
signal levels of the two wavelengths during a
shower are compared. The results of these
measurements are interpreted in terms of
various millimeter wavelength measurements
previously made by this Laboratory and by
others.

3.3. New Evidence of Anomalous
Transequatorial Ionospheric
Propagation

O. G. VILLARD, JR., S. STEIN,
AND K. C. YEH, Radio Propa-
gation Lab., Stanford Uni-
versity, Stanford, Calif.

The existence of anomalous north-south
propagation across the equator occasionally
reported by amateurs has recently been veri-
fied by means of a rotating-antenna oblique
jonospheric sounding station using the ground
back-scatter technique and located in the West
Indies. During the afternoon and evening hours
of virtually every day, echoes were observed
which are believed to be a consequence of one-
hop transcquatorial transmission over distances
varying between 6000 and 8000 km. The
observed maxitnum usable frequency was ap-
preciably higher than that which would be
predicted on the basis of vertical sounding
measurements.

An explanation of this effect is proposed,
which takes into account the remarkable in-
crease in virtual height reported around 1800
hours local time at equatorial sounding stations.
It is suggested that the observed transequa-
torial propagation takes place by two successive
jonspheric reflections at the northern and south-
ern edges of this equatorial bulge in the iono-
sphere. The unusually high muf’s observed may
be explained in part by the operation of the
secant law in the case of a warped ionosphere,
and in part by the fact that the two reflections
occur well to the north and to the south of the
geomagnetic equator.

3.4. Foreground Terrain Effects on
Overland Microwave
Transmissions

L. G. TROLESE, Smyth Research
Associates, San Diego, Calif.

March

Small terrain irregularities can produce
large variations in field strength. Measurements
taken at 3300 and 9375 mc on a 46.3-mile non-
optical link demonstrate that proper antenna
siting can increase the signal by 15 to 30 db.
A method of making propagation measurements
to determine the effect ot terrain irregularities
on microwave links is described. The coupling
between atmospheric refraction and irregular
terrain is discussed.

3.5. Mountain Obstacle
Measurements

R. E. Lacy, Signal Corps Eng.
Labs., Fort Monmouth, N. J.

During 1955 several hundred paths were
tested for mountain obstacle transmission loss
in approximately 40 different locations in Cali-
fornia. Thorough investigations were made of
representative frequencies from 50 to 500 mc.
Limited measurements were made at 900 and
1800 mc. Almost without exception, all paths
planned provided the anticipated obstacle-
gain phenomena. Suitable techniques were
evolved whereby these phenomena may be
used to extend radio communication ranges in
mountainous areas along non-line-of-sight
radio paths. It has been shown that 20--30-db
reduction in comparison to tropospheric scatter
pathsin path loss is readily obtainable in moun-
tainous areas. In comparison with smooth earth
paths, the obstacle gain figures are in the order
to 70 to 80 db. A reliable and accurate means
for computing the mountain obstacle transmis-
sion loss, and a simplified siting procedure were
developed.

3.6. Passive Repeater Using Double
Flat Reflectors

R. F. H. YANG, Andrew Corp.,
Chicago, IiL.

A means of transmitting a microwave signal
over an obstruction such as a mountain by
using double passive repeaters is reported. It
consists of two large, flat, rectangular reflectors
nearly parallel to each other with an angle of
45° or less between the beam and the normal to
the surface, The propagation loss through the
reflectors is given. Analysis of a typical 7-kmc
system shows that this scheme is practical. Its
advantages over other existing systems are
discussed. A brief comparison between this sys-
tem and one using forward-scatter propagation
through the troposphere is presented.

SESSION 4*

2:30-5:00 P.M

WALDORF-ASTORIA
SERT ROOM

MON.

Ultrasonics Engineering I-—
An Educational Session

Chairman: W. G. CADY
Pasadena, Calif.

4.1. Training in Ultrasonics

* Sponsored by the Professional Group on Ultrason-
ics Engineering in cooperation with the Acoustical So-
ciety of America. To be published in Part 9 of the 1957
IRE CONVENTION RECORD.
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F. V. Hunt, Div. of Eng. and
Appl. Phys., Harvard Univer-
sity, Cambridge, Mass.

\W. P. RaNEY, Iarvard University,
Cambridge, Mass.

4.2. Ultrasonic Analysis

T. F. HUETER, Acoustics Lab.,
Massachusetts Institute of Tech-
nology, Cambridge, Mass.

4.3. Some Fundamentals of Trans-
ducer Design for the Sonic
and Ultrasonic Range

F. Massa, Massa Labs., Inc.,
Hingham, Mass.

4.4. The Ethics, Standards, and Ob-
jectives of the Recently Formed
Ultrasonics Manufacturers
Association

S. R. RicH, The General Ultra-
sonics Co., Hartford, Conn.

This educational session on ultrasonics has
been organized through the cooperation of the
Acoustical Society of America and the Institute
of Radio Engineers. A close liaison has been
established between the Committee on Sonic
and Ultrasonic Engineering of the Acoustical
Society of America and the Professional Group
on Ultrasonics Engincering of the IRE. The
recently organized Ultrasonic Manufacturers
Association has shown a fine spirit of friendli-
ness and cooperation with both of these organ-
izations,

The program for the educational session
will emphasize four important aspects of the
rapdily expanding field of ultrasonics: 1) The
fundamental training for professional activity
in this field, 2) a broad view of the applications,
both academic and industrial, as shown in
problems demanding ultrasonic analysis, 3) the
chief component part (the transducer) of all
ultrasonic equipment, and finally 4) the role
which the manufacturer assumes in promoting
the science of ultrasonics, Outstanding authori-
ties will speak on each of the four aspects.

SESSION 5%

MON. 2:30-5:00 P.M.

WALDORF-ASTORIA
GRAND BALLROOM

Aeronautical Electronics

Chairman: J. V. N. GRANGER,

Granger Associates, Inc.,
Menlo Park, Calif.

5.1. A New Aircraft Static
Discharger
* Sponsored by the Professional Group on Aeronau-

tical and Navigational Electronics. To be published in
Part 8 of the 1957 IRE CONVENTION RECORD.

IRE National Convention Program

R. L. TANNER, Stanford
Research Institute,
Menlo Park, Calif.

Aircraft flying through ice clouds or snow
arc charged to high potentials by the impact of
the ice particles. The charge thus deposited is
relieved by corona discharges occurring at the
aircraft extremities. These discharges produce
the rt noise known as “precipitation static”
which couples into and frequently disables
aircraft radio systems.

The precipitation charging rate rises rapidly
with speed, and wick dischargers, intended to
discharge this current noiselessly, are of little
value on modern aircraft because of their
limited discharge capacity, their aecrodynamic
drag, and their vulnerability to deterioration in
high-specd airstreams,

The present paper describes a discharger
employing a new principle for decoupling the
noise produced in the discharges. Dischargers
using the principle have much increased current
capacity and can be flush mounted, making
them suitable for installation on jet aircraft.

S5.2. Thermal Design of Commercial
Airborne Electronic Equipment

H. M. PassMmaAN, Collins Radio
Co., Cedar Rapids, Iowa

This paper deals with the test techniques
necessary to thermally evaluate comme-rcial
airborne electronic equipment. Special emphasis
is placed on how to instrument equipinents for
temperature, air static pressure, and air flow
quantity measurement, including instrumenta-
tion of vacuum tubes for bulb hot-spot tempera-
ture measurement,

As a result of the thermal test program out-
lined above, design improvements have been
put into practice, These improvements are de-
scribed. They include: 1) Dust cover ventila-
tion design for both forced cooled and non-
forced cooled equipments, 2) location of com-
ponents, 3) use of improved tube shields, 4)
new forced air cooling tube sockets, 5) effective
forced air cooling of modulized equipments, and
6) other,

5.3. The New Look in
Electronic Controls

R. J. MEVER, Collins Radio
Co., Cedar Rapids, Iowa

With the coming of performance jet air-
craft, the modern airplane has developed into
an exceedingly complex machine. This complex-
ity has imposed an exacting and difficult task
upon its pilot,

To implement improved operation of elec-
tronic controls and reduce pilot errors, human
engineering principles have been applied to
design criteria. Horizontal digital type counter
presentations have been utilized in all frequency
and channel displays. Numerals and/or letters
are simple in design, and employ large, easily-
read horizontal characters. Location, shape,
and type of movement of each control knob
have been carefully chosen to accomplish the
desired action with a minimum delay or chance
of error, even under operating conditions in
which a pilot is wearing a full pressure suit.

Application of human engineering princi-
ples to electronic controls has resulted in vastly
improved performance and a corresponding
reduction in pilot errors. Integration of several
control panels into one central panel results in
a reduction of critical panel area required and
in addition retains the advantage of improved
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performance. Future applications will un-
doubtedly open new approaches to improve
visual displays and error-free operation.

5.4. Field Test Equipment
for Airborne Radar

W. W. Keit axp F. E. SEARs, I11,
Raytheon Manufacturing Co.,
Wayland, Mass.

The use of skilled electronics personnel is
minimized, equipment reliability is improved,
and down time is reduced by means of an ade-
quate field test equipment program. An ex-
ample is given of a field test equipment for an
airborne radar which features: 1) Runway
equipment, for quick preflight tests at the air-
craft without use of an oscilloscope, and for
maintenance tests to localize trouble to a major
unit of the radar, and 2) hangar equipment,
for go-no go tests of hermetically sealed
modules such as the IF amplifier, afc and servo-
amplifier. Self-testing circuits detect failure of
the test equipment,

5.5. Hazardous Environmental Fac-
tors and Effects Related to High-
Supersonic-Speed Bomber
Defense Problems

I. Katz, General Electric Co.,
Ithaca, N. Y.

Postulation, design, and performance of
defensive subsystems depends upon the func-
tional and organic compatibilities of equipment
with the prevailing physical environment.
Flight at high supersonic speeds introduces
many environmental factors and effects that
decisively influence the choice of system and
critically affect the performance and reliability
of equipment., Extremes of temperature, pres-
sure, radioactivity, acoustical noise, motion,
vibration shock, and certain chemical changes,
as functions of both natural and induced physi-
cal conditions, constitute the hazardous en-
vironment,

The intriguing effects of flight operations
and associated propulsive power levels on the
physical environment are discussed with a view
toward defining, in engineering terms and num-
bers, the challenging physical conditions that
equipment will encounter and with which it
must cope. Suggestions are given for achieving
practical compatibility and for striking design
compromises that implement attainment of
realistic objectives.

SESSION 6*
MON. 2:30-5:00 P.M.
NEW YORK COLISEUM
MORSE HALL

Multiplex Communications System

Chairman: J. Z. MILLAR, West-
ern Union Telegraph Co.,
New York, N. Y.

* Sponsored by the Professional Group on Com.-
munications Systems. To be published in Part 8 of the
1957 IRE CONVENTION RECORD,
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6.1. Signal Mutilation and Error
Prevention on Short-Wave
Radio-Teleprinter Services

J. B. Moore, RCA Communica-
tions, Inc., New York, N. V.

Noise and fading conditions on such serv-
ices differ markedly from those generally
assumed in analyzing telegraph or data-han-
dling services over wire lines; the problem being
rendered particularly difficult by the wide range
of types, durations, and rates of signal mutila-
tion. The most successful system for mutilation
detection and error prevention is the so-called
“7-Unit” constant-ratio code and basic system
plus Automatic-RQ. Observational data and
theoreticat analyses. trom various sources, indi-
cate improvement ratios—reduction in number
of character transpositions—ranging from 20/1
to 1000/1 to 50,000/1 for signal-mutilation
rates from 4 in 10 to 1 in 100 to 1 in 1000 char-
acters respectively,

6.2. Time-Division Multiplex Sys-
tem with Addressed Infor-
mation Packages

R. FiLipowsky AND E. SCHERER,
Westinghouse Electric Corp.,
Baltimore, Md.

A digital multiplex communication system
is described wherein the channels are combined
in asynchronous time division; there is no
fixed and predetermined sequence by which the
individual transmission intervals would be
allotted to the various channels. On the con-
trary, each transmission interval is electroni-
cally “auctioned” and is allotted to the highest
bidder, i.e., to the channel having instantane-
ously the most urgent need for forwarding its
message or a fraction thereof. The receiver has
no knowledge to which channel the information
within one transmission interval should be
directed, unless each interval will carry its
own address. One interval may contain one
quantized sample only or a larger amount of
time compressed information, i.e., one informa-
tion package.

6.3. A New Time-Division
Multiplex System

W. J. BieganskI aND L. M. GLICK-
MAN, Radio Corp. of America,
Camden, N. J.

A new time division, pulse position modula-
tion, voice multiplex system has been de-
veloped. The system is completely transis-
torized. Transistor matrix techniques are used
in the distributor, resulting in highly accurate
timing without any adjustments. A phase lock
loop serves to synchronize the demultiplexer
to the multiplexer with greatly improved noise
performance. Two versions of multiplex equip-
ment, with different channel capacities, are
described: 7-channel equipment, with pro-
vision for combining for 14-channel use, and
23-channel equipment. with provision for
combining for 46-channel use. Drop and insert
facilities are provided at reshapers. Transistor
circuitry constituting the system is described
in some detail.
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6.4. 58-Channel PCM System

S. M. SCHREINER, Federal Tele-
communication Labs., Nutley,
N. J., aND A. R. VALLARINO,

Precision Technology, Inc.,
Livermore, Calif.

This paper describes a 48-channel pulse
code modulation system (the AN/TCC-15)
employing instantaneous compandors and 6-
bit (64-level) cathode-ray-type coding tubes.
The equipment accepts 47 telephone channel
inputs and provides a binary-coded output
signal capable of transmission over any 2.5-mc
video circuit. The coding is accomplished by
two 24-channel coders, each using a coding
tube which generates a CP code and a high-
speed flip-flop which translates the signal to a
true binary code. The two-coder output signals
are then combined before transmission. One
hundred per cent standby of all common 48-
channel equipment insures 24-channel opera-
tion in the event of any failure. The over-all
system provides 47 audio channels with a 300-
3600-cps pass band, an audio s/n greater than
60 db, and an interchannel crosstalk ot better
than —53 db. Recent field tests indicating a
mean life of 2500 hours between failures attest
to the high reliability designed into the equip-
ment.

6.5. Portable Multichannel
11,000 MC Radio Link

H. ENGeELMANN, H. A. FRENCH,
M. W. GREEN, AND J. HarvEY,

Federal Telecommunication
Labs., Nutley, N. J.

A portable 7-channel telephone relay link
operating in the 9 to 11-kmc region using time-
division multiplex pulse position modulation is
described. Printed circuitry and the use of
miniature type components have been used to
make possible the construction of an equipment
23X 21X 12} inches in size and weighing less
than 125 pounds, containing multiplex equip-
ment, transmitter, receiver, and antenna, all in
one package.

The electrical design is described and the
mechanical construction used to obtain a high
space utilization factor is shown.

Applications and field experience obtained
using the first developmental models is detailed.

SESSION 7*

MON. 2:30-5:00 P.M.

NEW YORK COLISEUM
MARCONI HALL

Information Theory—Coding
and Detection

Chairman: W. B, DAVENPORT,
JR., Lincoln Labs., Massachu-
setts Institute of Technology,
Lexington, Mass.

* Sponsored by the Professional Group on Informa-
tion Theory. To be published in Part 2 of the 1957
IRE CONVENTION RECORD.
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7.1. Optimum Decision
Feedback Systems

B. HarRris, A. HAUPTSCHEIN,

AND L. S. ScawaRrTz, College

of Eng., New York University,
New York, N. V.

This paper studies the problem of reducing
decision risk in the extraction of signals from
noise for the case of decision feedback in which
the transmitter is called upon to repeat signals
corresponding to doubtful observations. The
objectives of the paper are twofold: 1) To
develop a theory of decision feedback systems
by means of which the optimum conditions of
operation in the least-cost sense can be speci-
fied, and 2) to demonstrate that integration or
a simple parity check for interpreting doubtful
observations is less efficient in its use of the
fundamental communication parameters of
power, bandwidth, and time than decision
feedback.

7.2. Sequential Decoding for
Reliable Communications

J. M. WozeENCRAFT, Massachu-
setts Institute of Technology,
Cambridge, Mass.

A code for constant-rate communication
over binary symmetric channels is presented.
For coding, parity checks over subsets (selected
by convolution) of preceding information digits
are inserted between information digits. For
decoding, the first information digit is deter-
mined by progressively discarding as improb-
able all possible messages inconsistent with its
correct value. The discard probability thresh-
old is waried to minimize both the error-
probability and the average number of compu-
tations. The entire procedure is then iterated.
The error probability is shown to decrease
exponentially with code length, while the aver-
age number of binary computations per bit
grows approximately linearly. Rates near one-
half capacity appear feasible.

7.3. A Non-Mean-Square-Error Cri-
terion for the Synthesis of Op-
timum Sampled-Data Filters

A. R. BERGEN, Dept. of Elec. Eng.,
Columbia University,
New York, N. Y.

This paper presents a non-mean-square-
error criterion for designing optimum linear
finite memory filters for the continuous pre-
diction and smoothing of sampled data. It is
suggested by, and approximates, a generalized
tolerance criterion whose use, while desirable
in many applications, is excessively compli-
cated. The new criterion simplifies the design
considerably for inputs which are the sampled
sum of Gaussian noise and a nonstavionary
message; the message consists of sections of
finite duration having a polynomial variation
with time alternating with arbitrary transitions.
The design procedure is straightforward, re-
quiring only a most elementary description of
the inputs and results in fairly simple filter
structures.
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7.4. Message Redundancy vs
Feedback for Reducing
Message Uncertainty

W. B. Bisaor AND B. L. BuCHANAN,
Aqir Force Cambridge Research
Center, Bedford, Mass.

The use of redundancy in the coding of
digital messages is generally directed toward
overcoming the effect of a very small number
of errors. The use of a small amount of feed-
back can be effective in reducing the uncer-
tainty concerning the correctness of messages.
Two assumptions normally made in these
cases are: 1) The probability of error in any
digit is independent of errors that occur else-
where, and 2) no errors occur in the feedback
path. There is a large class of digital communi-
cation systems for which these assumptions do
not hold: the advantages of feedback for this
class are compared with the advantages ob-
tainable by using selective redundancy without
feedback. For the class of communication sys-
tems in which the feedback channel is the same
as the forward channel, it is proved that mes-
sage uncertainty is reduced more by the trans-
mission of M -C digits in the forward direction
(where M represents the number of message
digits and C represents the number of redun-
dant digits) than by the transmission of M digits
in the forward direction and C in the reverse.
The probability distributions of feedback ter-
mination and the message uncertainty at the
time of termination are derived for systems in
which feedback for any message is continued
until the received feedback message agrees with
the message sent. It is also shown that a new
statistical error-checking procedure has ad-
vantages over other forms of redundancy when
the probabilities of errors are within certain
defined limits. A means of implementing this
statistical error-checking procedure with simple
electronic equipment is described.

7.5. The Analysis of Post-Detection
Integration Systems by
Monte Carlo Methods

R. DiLworTtH, California Insti-
tute of Technology, Pasadena,
Calif., AND E. ACKERLIND,
Radio Corp. of America,
Los Angeles, Calif.

By means of a random sampling procedure
the cumulative probability distribution of
threshold crossings has been determined for
the cases of: 1) IF amplifier, square-law de-
tector, and post-detection integration, and 2)
IF amplifier, linear detector, and post-detection
integration. Various signal to noise ratios and
various durations of signal are considered.

Random samples are selected from a popu-
lation whose distributions are computed at
the output of the detector for both cases and
are processed in a manner determined by the
post-detection integration filter characteristics.

Comparison is made with results obtained
by other methods.

SESSION 8*

MON. 2:30-5:00 P.M.

* Sponsored by the Professional Group on klectron
Devices. To be published in Part 3 of the 1957 IRE
CONVENTION RECORD.
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NEW YORK COLISEUM
FARADAY HALL

Solid State Devices

Chairman: W. J. PIETENPOL, Bell
Telephone Labs., Murray Hill,
N. .

8.1. A New High-Frequency
N-P-N Silicon Transistor

A. B. PHILLIPS AND A. M. INTRATOR,
General Electric Co.,
Syracuse, N. Y.

This paper describes a newly-developed
meltback diffused base transistor having a
low series saturation resistance and a nominal
alpha cutoff of 25 me, which was designed for
application in high-frequency linear ampli-
fiers and general purpose switching circuits. A
general description of the device is given and
the theory of obtaining a p base region by means
of the diffusion-meltback technique is dis-
cussed.

Data are presented showing the variation of
device parameters with temperature, frequen-
cy, current, and voltage. The large signal be-
havior of the device is shown and its perform-
ance in switching circuits is described.

8.2. Noise Figures in Semiconduc-
tor Dielectric Amplifiers

J. M. WALKER, R. E. SMITH, AND
E. M. WiLL1aMs, Carnegie In-
stitute of Technology,
Pittsburgh, Pa.

Noise measurements on amplifiers utilizing
the voltage-dependent junction capacitance of
germanium diodes as the nonlinear element in
a series resonant circuit are described. Noise
measurements on the diode amplifier are dis-
cussed in conjunction with an equivalent cir-
cuit which is used to explain the noise measure-
ments and the noise figure, The important
noise components are shown to be attributable
to noise from the diode and noise amplitude and
frequency modulation in the carrier. Low-
temperature noise measurements on the ampli-
filer and the diode parameters are presented
together with a description of other methods of
improving and optimizing the noise figure,

8.3. Determination of Thermal Re-
sistance of Silicon Junc-
tion Devices

H. C. Lin anp R. E. CrosBy, Jr.,
CBS-Hytron, Semiconductor
Operations, Lowell, Mass.

The usual method of determining the ther-
mal resistance of germanium junction devices
is to measure the variation of the reverse satu-
ration current which increases as the junction
temperature rises. This method cannot be used
with silicon junction devices, as the leakage
current rather than the saturation current of
these devices is the major portion of the re-
verse current. In the system described here the
forward characteristics vs temperature rise are
measured. This is possible as the forward volt-
age drop of a silicon junction device varies with
temperature in a manner that is both predict-
able and relatively simple to measure. Theoreti-
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cal results and experimental data are plotted
and compared at various forward currents.
There is a very good agreement. The operation
of the circuit is also described.

8.4. An Alloy-Type Medium Power
Silicon Transistor

H. G. RUDENBERG AND G. FRANZEN,
Transitron Electronic Corp.,
Wakefield, Mass.

This silicon transistor was developed to
evaluate an alloy fusion process for producing
a medium power audio transistor for low volt-
age airborne use operating above 100°C. The
10-watt unit described has a power gain of 20
db, and weighs less than } ounce. Saturation
voltages have been reduced below 2 volts. In-
ternal heat dissipation is removed by thermal
contact with the chassis heat sink. Some prob
lems of design and processing affecting the ulti-
mate characteristics will be discussed. Simpli-
fied test methods and a power converter utiliz-
ing this transistor will also be presented.

8.5. A New Semicon-
ductor Device

C. A. ALDRIDGE, General Elec-
tric Co., Syracuse, N. Y.

This paper presents the basic biasing modes
of operation for a new type of semiconductor
amplifying device. In addition, the 24 basic
signal-flow configurations are shown. Since the
number of usable circuit configurations is
quite large, a system is proposed for identifying
the particular configuration in an organized
manner. It is shown how each of the basic cir-
cuit forms can be realized by any one of several
circuit connections, depending on the associ-
ated components used.

The mechanical and electrical characteris-
tics of the new device are described. It is also
shown that significant circuit economies are
achieved.

8.6. Cadmium Sulfide
Photocapacitors

F. GorpoN, JRr., P. A. NEWMAN,
J. HanbEex, H. JAcoBs, Signal
Corps Eng. Labs., Fort Mon-
mouth, N. J., AND A. RAaMsA,
CBS Labs., New York, N. Y.

A description of the photocapacitor, in-
cluding the preparation of the photosensitive
materials and the assembly of the device, is
given, Methods and equipment for evaluation
of the device are described along with some re-
sults. A brief discussion of the possible mecha-
nisms responsible for this change in capacitance
with radiation is given. An attempt is made to
correlate the theoretical and experimental re-
sults. Some of the possible applications are indi-
cated along with the potentialities and limita-
tions of the present device.

Changes in capacitancefor a given dielectric
material in the photocapacitor are dependent
upon the wavelength and intensity of the light
source and the frequency and magnitude of the
applied voltage. The magnitude of these
changes (Ac/¢) and the variation in magnitude
and response time with the variation of the
above parameters is illustrated. Also shown is
performance variation with different impuri-
ties and impurity concentrations and the meth.
od of preparation of these materials
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SESSION 9*

TUES. 10:00 A.M.-12:30 P.M.

WALDORF-ASTORIA
STARLIGHT ROOF

Automatic Control—General

Chairman: G. S. AXELBY, Wes-
tinghouse Electric Corp.,
Baltimore, Md.

9.1. Digital Controllers for
Feedback Systems

I. R. Racazzini, Columbia Uni-
versity, New York, N. V.

A digitar controller for a teedback control
system is a computer which accepts a sequence
of numbers at its input and delivers a proc-
essed sequence of numbers at its output. The
implementation of the computer may be com-
pletely analog or digital, or a combination
thereof, as will he shown by typical designs. The
output sequence of the controller may be gener-
ated at a rate equal to or at a multiple of the
input sequence rate. For linear systems, it is
possible to program the computer to cause the
control system to have a desirable over-all pro-
totype response subject to certain theoretical
limitations. For computers in which the output
data rate is a multiple ot the input rate, taster
response can be achieved. The theory of sam-
pled-data systems is applied to the synthesis
of the digita! controller program which will
produce these desirable prototype response
functions. The theoretical restrictions which
timit the choice of response functions are
pointed out Examplesof typical designs which
illustrate the theory are given

9.2. Sampling in Linear and Nonlin-
ear Feedback Control Systems

J. KukEgL, Servomechanisms,
Inc., Hawthorne, Calif.

The Z transtorm has been popularized by
Ragazzini and Zadeh at Columbia University
and Linvill and Salzer of M.1.T The usual
approach to Z transformation is through the
Laplace transiorm. However the Laplace
transform and its associated limitations can
be completely by-passed. 11 the time domain
differential equation is integrated, the appro-
priate numbers of times and the integrals
changed to the convolution form, a time do-
main convolution equation with initial condi-
tions results. The Z transform of the convolu-
tion equation can be taken directly. Use of
tabulated tables similar to the Laplace trans-
form are most helpful. The convolution and the
Z-transform operations allow the analysis or
synthesis of continuous and sampled-data
control systems which are linear or nonlinear,
Nonlinear systems are included since the La-
place transform, which is limited to linear sys-
tems, is avoided.

The procedure can cover higher order and
variable forcing function nonlinear systems. It
does not have the limiting restrictions of the
phase trajectory and the describing function
technique. Although approximations are made

* Sponsored by the Professional Group on Auto-
matic Control. To be published in Part 4 of the 1957
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in the substitution ot continuous functions by
their sampled form, the cumulative error in
transient analysis can be made small by judi-
cious choice ot sampling interval. Steady-state
analysis is treated as repeated transient and
periodicity is assumed. Exactness occurs in
period determination. Some error occurs in
waveform amplitude. The error here, as before,
is reduced by choice of smaller sampling inter-
val.

9.3. The Role of Automatic Control
in the Modification of Aircraft
Dynamic Flight Characteristics

W. N. TurRNER, Hughes Aircraft
Co., Culver City, Calif.

The basic ideas and methods used in the
determination of aircraft dynamic flight char-
acteristics are described, and a physical de-
scription of the several typical primary dynamic
flight modes of aircraft is given. The reasons
for some of the undesirable features of these
modes are indicated, and the manner in which
automatic control techniques can be utilized
to modify and improve the flying qualities is
illustrated.

9.4. Solution of Statistical Prob-
lems by Automatic Con-
trol Techniques

R. L. CosGrIFF, Dept. of Elec.
Eng., Ohio State University,
Columbus, Ohio

It has been widely accepted that many proc-
esses in the broad field of science essentially
can be classified as closed-loop systems. Many
of the problems encountered in these fields are
essentially statistical in nature and, as a re-
sult, have not been analyzed using the differ-
entia! equation approach, however autocor-
relation and spectral density approach have
been used. It is demonstrated that the dif-
ferential equation approach can be used to
determine the expected behavior of many of the
“statistical type systems.”

9.5. The Design of Optimum
Filters and Predictors

C. W. StEeG, Dynamic Analysis
and Control Lab., Massachuseits
Institute of Technology,
Cambridge, Mass.

The solution of many automatic control
problems depends upon obtaining some func-
tional of a signal component of a measured
quantity when the measurement contains both
signal arid noise. When the input to the system
consists of a random signal plus a random
noise, both derived from linear, time-varying,
intergrodifferential operations on uncorrelated
noise sources, a technique can be applied to
simplify the design of filters and predictors.
This technique involves the choice of a par-
ticular configuration for the optimum filter;
a proof is given that knowledge of a certain
operator in this configuration is sufficient to al-
low the determination of a significant class of
optimum systems. Details of the method are
presented to provide means for circumventing
practical difficulties encountered in the actual
design of optimum systems based on the earlier
techniques devised by Weiner.
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SESSION 10*

TUES. 10:00 A.M.-12:30 P.M.

WALDORF-ASTORIA
ASTOR GALLERY

Navigation

Chairman: R. C. NEWHOUSE,
Bell Telephone Labs.,
Whippany, N. J.

10.1. A Realistic Radar
Clutter Simulator

J. Atxin, H. J. BickEL, AND
M. R. WEIss, Dept. of Elec.
Eng., Columbia University,

New York, N. Y.

The need for an entirely realistic search
radar simulator arises in the design and testing
of automatic detection, track-while-scan, beam-
splitting, and other data-processing systems.
Equipment capable of simulating the statistical
and systematic characteristics of echoes re-
ceived from isolated targets has been described
in the literature. The authentic simulation of
radarechoes from wooded terrain, meteorological
phenomena etc.. has been hampered by the
difficulty associated with the reproduction of
the particular statistical and spectra! proper-
ties of reflections from this class of “extended
targets.” The device. whose theory and imple-
mentation will be described, generates “sweeps”
of Rayleigh distributed clutter having video
bandwidth in range, but only audio (or sub-
audio) bandwidth at constant range as a func-
tion of time. The audio fluctuation rate of the
video at constant range duplicates the high
correlation in real clutter amplitudes received
during a number of consecutive sweeps; this
differentiates such signals from ordinary noise.
The key components in the clutter simulator
are an ultrasonic delay-line memory and a 30-
mc Gaussian noise source,

10.2. A Precision Multipurpose Ra-
dio Navigation System

W. N. DEaN, R. L. FRANK, AND
W. P. FraNTZ, Sperry Gyroscope
Co., Div. of Sperry-Rand Corp.,
Great Neck, N. Y.

This paper describes a pulsed hyperbolic
navigation system similar to Loran, but achiev-
ing greater range, accuracy, and reliability
over land and sea at al! altitudes through the
use of ground-wave cycle-phase-measuring
techniques on a 100-kc carrier frequency.

Part | describes the general features ot the
system, analyzes the effect of station geometry
on accuracy and interprets the results of ex-
tensive field tests. The system is shown to have
sufficiently low altitude coverage and accuracy
for point-to-point helicopter navigation coupled
with range sufficient for transcontinental jets
and transoceanic air and surface navigation.
These characteristics can be obtained with
very few transmitting stations, compared with
other type systems

Part II discusses the choice of carrier fre-
quency including calculations and measure-

* Sponsored by the Professional Group on Aeronau-
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ments of propagation parameter such as noise
levels, groundwave attenuation, skywave at-
tenuation and delay, groundwave phase stabil-
ity, and dispersive effects. Observations of
groundwave phase variations apparently due to
weather are reported.

Part 111 outlines the instrumentation tech-
niques utilized to achieve time-difference
measurement to a few parts per million in-
cluding automatic pulse envelope time differ-
ence measuring systems, and cycle-phase meas-
uring systems incorporating cross-cotrelation
detection and narrow banding. Transmitter
and antenna designs to produce necessary
charp pulses are also described.

10.3. Some Final Approach System
Requirements for High
Landing Rates

F. H. BATTLE, JRr., Airborne In-
struments Lab., Inc., Mineola,
N. Y.

The density and character of air traffic in
prospect for the near future substantiate a
goal of two instrument landings per minute,
with a 4:1 range of approach speeds. Feasibility
of scheduling landings at such a rate depends
on a short final approach to avoid overtake, and
on completion of turn-on during the final min-
ute of flight. Horizontally-curved, rate-stabi-
lized paths such as are obtained with flight
directors, are analytically extended to their
limits of usability with wide-sector final-ap-
proach aids. The practical maximum of hori-
zontal coverage to be required of the final-
approach system is derived.

10.4. General Characteristics of a
1000-MC Instrument
Landing System

A. CAsABONA, Federal Telecom-
munication Labs., Nutley, N. J.

By Air Force contract, the Federal Tele-
communication Laboratories developed a cw
localizer and glide slope, operating in the 960-
me to 1215-mc range, whose description and
test forms the subject of this paper. The data
indicate a substantial improvement in site
freedom due mainly to the specular nature of
1000-mc reflections as compared to reflections
at lower frequencies.

The cw localizer was later modified for
pulsed operation which permitted integration
of the landing signal with other navigation func-
tions. The resulting equipment provides local-
izer guidance and distance to touchdown on a
common transmission from the ground and
utilizes a common airborne receiver.

The techniques discussed in the paper can
be applied to the design of a landing system
which offers great reduction in size of equip-
ment. excellent mobility, increased freedom
in siting, and integration with other navigation
aids.

SESSION 11*%
TUES.  10:00 A.M.~12:30 P.M.

WALDORF-ASTORIA
JADE ROOM
* Sponsored by the Professional Group on Broad-

cast Transmission Systems. To be published in Part 7
of the 1957 IRE CONVENTION RECORD.
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New Broadcast Developments

Chairman: C. E. SMmiTH,
Cleveland, Ohio

11.1. An Analysis of Packing Den-
sity of Information in High-
Velocity Transverse Video
Magnetic Recording

W. SELsTED, Ampex Corp.,
Redwood City, Calif.

Coincidences exist between the nature of
television synchronizing and video signals, and
the peculiarities of fm systeins employing high
ratios ot modulating frequency to carrier fre-
quency, and high ratios of deviation to carrier
These can be exploited to compress the tele-
vision frequency range into a band which is
compatible with the capabilities of a magnetic
recorder using high tape-to-head relative veloc-
ities. The means by which this exploitation is
accomplished also make possible desirable
manufacturing and maintenance tolerances

11.2. High-Light Aperture
Equalizer

M. V. SuLLivaN, CBS Labs.,
New York, N. Y.

The present method of aperture equaliza-
tion of a television signal has one severe limita-
tion. This is that the high-frequency noise in
the picture signal is increased along with the
high-frequency signal information. The amount
that the high-frequency fine detail can be in-
creased is limited by the undesired noise.

The “High-Light Aperture Equalizer” pro-
vides more equalization without increasing the
noise in the same proportion. This feature is
obtained by dividing the video signal into two
parts with respect to amplitude, and equalizing
the portion that is relatively free of noise.

The circuit has been successfully tested in
monochrome and color television.

11.3. Single-Sideband Broad-
cast Developments

L. KauN, Kahn Research Labs.,
Freeport, N. Y.

A new system tor allowing an increase in
the number of AM broadcast channels is de-
scribed, which is called “Compatible Single-
Sideband.” This system would require use of a
transmitter adapter but does not necessitate
any change in the home receiver.

The advantages of this system may be out-
lined as follows: 1) The signal occupies approxi-
mately one-half the spectrum as does a con-
ventional AM double sideband signal This re-
duction in bandwidth provides a means for
reducing adjacent and cochannel interference;
2) reduction in fading distortion thus improv-
ing nighttime coverage; and 3) reduction in
bandwidth also allows an improvement in sig-
nal-to-noise ratio of 3 db or approximately
double the high-frequency response of typical
home receivers.

A block diagram of an adapter suitabie for
use with any standard AM transmitter is dis-
cussed.

11.4. UHF High-Power Transmit-
ting Developments
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J. E. Youxg, L. L. Koros, AND
1. MaRrTIN, Radio Corp. of
America, Camden, N. J.

This paper treats development of trans-
mitting equipment for the uhf portion of the
spectrum involving high-power transmitters
and high-gain antenna design. Information will
be given concerning tubes having 25-kw power
handling capabilities in this portion of the
spectrum and trends in this area of develop-
ment. A summary of power measurements is
contained and experience with commercial ap-
plication at an existing uhf station is treated.

11.5. A Dynamic Standard
for Color Television
Systems

R. C. KENNEDY, National Broad-
casting Co., New York, N. Y.

This paper relates to the possible secondary
usages which may be made of the time required
for the beam in a television picture tube to
return trom the bottoin to the top of the pic-
ture.

Heretofore, no application ot this so-called
retrace time has been attempted. However, it
has been {ound that several different kinds of
information may be transmitted while the
actual television show is in progress.

One of the most important sets of signals
which may be sent during this unused time
enables the engineer to evaluate the perform-
ance of the complete television signal path from
camera to the transmitter and receiver. These
signals permit correct adjustment of signai
strength, of the monochrome and color portions
of a television program at successive points
along the route of the show.

The result ot having such information sent
along with the program is to improve the re-
ceived signal and enable the viewer to more ac
curately adjust his receiver.

SESSION 12*
TUES.  10:00 A.M.-12:30 P.M.

WALDORF-ASTORIA
SERT ROOM

Ultrasonics Engineering II—
Technical Session

Chairman: J. W. Hortoxn, U. S.
Navy Underwaler Sound Lab.,
New London, Conn.

12.1. Sea Clutter in Radar
and Sonar

R. M. HocvEer anp R. . Urick
Ordnance Research Lab., Penn-
sylvanta State University,
Unazersity Park, Pa.

The surface of the sea back scatters both
electromagnetic radiation incident from above
and acoustic radiation incident irom below.
Recent measurements of sound scattering by
the sea surface make possible some interesting
comparisons between radar sea-clutter and so-

nar surface reverberation at the same wave-

* Sponsored by the Professional Group on Ultrason
ics Engineering. To be published in Part 9 of the 1957
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length. The acoustic data provide the first
systematic information about the sonar back
scattering coefficient of the sea surface and
give some hints as to the scattering processes
that operate. A comparison of sonar with avail-
able radar data at approximately the same
wavelength indicates that, although the back-
scattering cross sections are of the same order
of magnitude, there appear to be differences in
the effects of frequency, wind-direction, and
grazing angle in the two cases.

12.2. Transducer Comparison
Methods Based on the Elec-
tromechanical Coupling
Coefficient Concept

R. S. WooLLETT, U. S. Navy
Underwater Sound Lab.,
New London, Conn.

The electromechanical coupling coefficient
(k) has proven to be a valuable unifying con-
cept which facilitates preliminary comparison
of different transcduction methods, when a
choice of transdiucer types has to be made for
a particular application. The fundamental
character of the electromechanical coupling
coefficient is made evident by its energy defini-
tion, while equations relating it to equivalent
circuit parameters and the electromechanical
constants of the transducer facilitate its prac-
tical use.

The important role which the coupling co-
efficient plays in determining a transducer’s
performance is brought out by presenting equa-
tions for various performance properties, such
as bandwidth, efficiency, transducer noise, elec-
trical power factor, and power capacity. Fac-
tors influencing k are discussed for two general
categories of transducers: body-force and sur-
face-force types; and coupling coefficient for-
mulas are given for simple prototypes of the
various transducer classes, Finally, an example
is given of comparison of the different trans-
duction methods for a particular application.

12.3. Polarization of Barium
Titanate Ceramic

J. G. FroEMEL, Gulton Industries,
Inc., Metuchen, N. J.

Polarization of barium titanate ceramic is
one of the basic and fundamental properties of
the materials and one which few have investi-
gated. The following is a brief description of
polarization, polarization procedures, and the
methods of evaluating these polarization pro-
cedures, Various methods of polarization are
presented along with their evaluation.

The resonance antiresonance method has
been used by many to evaluate the various
piezoelectric and elastic properties of barium
titanate ceramics. However, this can lead to
serious errors since various modes can add or
subtract from the constant wanted. Polariza-
tion procedures are rarely given, which can ac-
count for the wide variation of such piezoelec-
tric parameter as dy, dj3, and others,

The du can be shown to be nonlinear and
of course frequency, field, and time dependent,

A direct method of measuring the piezoelec-
tric coefficients is presented which eliminates
or takes into consideration the above items.

The optitnum polarization procedure for
barium titanate is presented along with a dis-
cussion of the failures which make optimum
polarization impossible in some cases. Reduc-
tion and diffusion in barium titanate have a
pronounced effect on the polarization and are
described in detail. Methods of eliminating or
retarding these are presented.

A brief review of the chemical theory of
polarization is also presented.
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12.4. Ultrasonic Liquid
Level Sensor

R. L. Rob, Acoustica Associates,
Inc., Glenwood Landing, N. Y.

The ever-present nced for a reliable yet
simplified liquid level sensor is met using a
newly-developed ultrasonic probe. Operating on
the principle that an ultrasonic transducer in
contact with a liquid presents a terminal imped-
ance appreciably different than obtained when
it is purely “air-loaded,” the new sensor basical-
ly consists of a subminiaturized transducer
appropriately mounted in a tank at a preset
height. This change of impedance is not affected
by characteristics of the liquid. A transistor-
ized clectronic control unit external to the tank
energizes a relay when the level passes the
sensitive face of the transducer with an accura-
cy of +1/32 inch. The complete level sensor,
including the transducer and the electronic con-
trol, weighs under 12 ounces and consimes only
100 milliwatts during operation, Performance is
stable when sensing virtually all liquids at
temperatures of from —270°F to 350°F. The
sensor is impervious to foam and clinging drop-
lets and is ideally suited to critical applications
in airborne gauging and processing contro!
systems requiring highest reliability and ac-
curacy.

12.5. Precision Calibration of Ultra-
sonic Fields by Thermo-
electric Probes

W. J. Fry anp F. DuUNN, Bio-
acoustics Lab., University of
Illinois, Urbana, Il

The highly-stable, small, and readily-con-
structible ultrasonic probe developed and in
use at this laboratory for the past five years
will be discussed from the point of view of
construction calibration, operation, and ap-
plication,

This transient-type thermoelectric probe,
which is currently being used in a number of
other laboratories, vields information concern-
ing the pressure amplitude, particle velocity
amplitude, and intensity of the ultrasonic field
in which it is placed. If the field characteristics
are known, the principle of operation of the
probe provides a method for determining the
absorption coefficient of minute quantities of
materials.

12.6. New Magnetostriction Filters
for the MF Band

R. T. Apams, Federal Telecom-
munication Labs., Nutley, N. J.

A series ot narrow-band filters has been
constructed for carrier pick-off in a develop-
mental telephone-carrier multiplex terminal.
The filters are used to select clean single-fre-
quency carriers from the harmonics of a 36-kc
or 72-kc pulse train,

The resonator element is a simple one-piece
H structure, punched from Ni Span “C” sheet
giving a double-tuned response shape. In the
frequency range from 500 to 900 kc the filters
provide 3 to 6-db voltage gain, operating from
30 ohms into a high impedance, with a pass
band of 500 cycles and greater than 50-db re-
jection of adjacent 36-kc harmonics. The ex-
perimental units operate over — 30 to +56°C.
with a temperature coefficient of less than 2
ppm/°C. and withstand moderate shock and
vibration. A hermetically-sealed case avoids
formation of frost on the resonators at low
temperature,
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SESSION 13*

TUES. 10:00 A.M.~12:00 NOON

WALDORF-ASTORIA
GRAND BALLROOM

Engineering Management
Viewpoints

Chairman: E. A. WALKER, Penn-
sylvania State University,
University Park, Pa.

13.1. Education: Academic Training
for Engineering Management

E. Suariro, School of Industrial
Management, Massachusetls
Institute of Technology,
Cambridge, Mass.

The trilogy ol science, engineering, and
population point to an expanding economy in
the generation ahead. To manage this expansion
wisely requires the preparation of wise man-
agers in increasing numbers. The management
echication program at the School of Industrial
Management is designed to build on a base of
science and/or engincering education. The ob-
ject of the school is to prepare men to take wise
and effective action in the management of in-
dustrial concerns. The education offered de-
rives from the belief that a successtul manager
in the modern technological age should under
stand the principles of science and engineerinv
upon which the application of industry rests.H -
should know the methods of production and
distribution. He should understand as much a~
possible about himself, the nature of other
human beings, and the environment—economic
and political—in which he lives. In addition to
this body of knowledge, a siuccessful manager
should possess the intellectual skill and resili-
ence to deal with the novel situations presented
to him by changes in the economic, social, and
technological situation,

The philosophy and implementation of these
objectives at the School of Industrial Manage-
ment will be discussed as illustrative of an
experiment in management echication for engi
neeting,

13.2. Finance: Wall Street Looks
at Engineering Management

O. C. RoEnL, Keystone Custo-
dian Funds, Boston, Mass.

Management is a most important factor in
security analysis. Who is behind a balance sheet
is usually more important than what. The qual-
ity of a company’s management is reflected in
the price of its securities. In research and engi-
neering based industries, such as the electronics
industry, the quality of a company's engineer-
ing management is a most important determi-
nant of a company’s success. This fact is real-
ized by investors and more and more attention
is being given to evaluating the effectiveness of
the engineering and research work of individual
companies. While many factors account for the
difference in performance of a security, yet the
quality of a company’s engineering manage-
ment is often a primary reason why one com-
pany outperforms another in the security mar-
kets.

. * Sponsored by the Professional Group on Engineer-
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In these days of rapid technological changes,
it is most important that the investor limit his
investments to the companies with the best
engineering and research management.

The factors that institutional investors con-
sider in evaluating engineering management
will be discussed and certain case histories will
be reviewed to illustrate the role engineering
management is playing and has played in deter-
mining the market value of the securities in the
electronics industry.

13.3. Industry: Development of
Engineering Managers
Within Industry

E. 1. GREENE, Bell Telephone
Labs., New York, N. Y.

SESSION 14*

TUES. 10:00 A.M.-12:30 P.M.

NEW YORK COLISEUM
MORSE HALL

Antennas I—General

Chairman: H. A. WHEELER,
Wheeler Labs., Inc.,
Great Neck, N. Y.

14.1. On Ferrite Loop Antenna
Measurements

J. L. STEwART, California Insti-
tute of Technology, Pasadena,
Calif.

A general discussion relating to the appli-
cation of small loop antennas with air and fer-
rite cores is given. A general procedure for
simplified testing of ferrite-loaded magnetic-
type small antennas is outlined in which radio-
frequency radiation performance is expressed
in terms of quantities easily measured at audio
frequencies. Only a single measurement is
needed to characterize the elementary-dipole-
type ferrite-loaded antenna. Finally, a number
of measurement results are given which apply
to the usual rod-type ferrite-loaded loop an-
tenna: measurement parameters cover a broad
range of core lengths and diameters. It is found
that typical ferrite-loaded loops have little
electrical advantage over air loops although the
packaging advantage of ferrite loops may be
significant.

14.2. Ground Antenna Phase Be-
havior in a Differential Phase
Measuring System

I. CARSWELL AND C. FLAMMER,
Stanford Research Institute,
Menlo Park, Calif.

A tracking system which measures distance
by comparing the phase of signals arriving at
a pair of spaced receiving antennas from a com-
mon source remains accurate when the signals
have undergone identical phase distortions.
The receiving antennas of such a system are
normally mounted on a large ground plane to

* Sponsored by the Professional Group on Antennas
and Propagation. To be published in Part 1 of the 1957
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minimize multipath reflection errors at low
elevation angles. This paper describes a study
made of the effect of ground constants and
ground plane size on the amplitude and phase
of the electric field above a ground plane sur-
rounded by lossy dielectric. Rapid phase shift
near glancing incidence is found to be a func-
tion of elevation angle ground reflection co-
efficient and ground plane size. Results may
be used to estimate tracking error in a differ-
ential phase measuring system.

14.3. Limits on the Informa-
tion Obtainable from An-
tenna Systems

W. WHITE, Airborne Instruments
Lab., Mineola, N. Y.

This paper starts with a review of the in-
formation obtainable from simple antennas
such as radar dishes. The hopelessness of vari-
ous super gain or super directivity proposals
is demonstrated by an application of the sam-
pling theorem. Itisalso shown that the informa-
tion obtainable is profoundly affected by the
apriori information available.

The paper continues to a study of more
elaborate antenna systems. It is shown how
the Mills Cross antenna used in radio astron-
omy is related to the separate beams of a V-
beam radar or the use of separate search and
height finding radars. Various interferometer
techniques are also discussed and it is shown
that there is an important difference between
the radio astronomy case of incoherent radia-
tion and the radar case with its coherent re-
flections.

14.4. Antenna Problems In
Radio Astronomy

R. N. BRACEWELL, Stanford
University, Stanford, Calif.

The design application of antennas with
microsteradian beams such as the one under
construction at Stanford University merit re-
fined analysis of the type which has become
familiar in the one-dimensional case in informa-
tion theory.

Just as a waveform whose spectrum is band
limited is fully represented by certain spaced
samples, so an antenna array whose beam will
be used to explore emitting or reflecting objects
of limited extent may be whittled down to a
certain lattice with no loss of information.

Array tapering raises questions analogous
to optimum design of filters for fidelity and
freedom from overshoot. A compromise be-
tween fineness of detail in the source or target
and freedom from spurious effects due to side
lobes is shown to depend on the spatial spec-
trum of the source and of the noise,

Beam-splitting techniques permit further
whittling away of the antenna structure but
introduce problems. Design details of the Stan-
ford microwave spectroheliograph will be dis-
cussed.

14.5. High Altitude Breakdown
Phenomena

J. AsuweLL, E. B. CoLE, A. PraTr,
AND D. SARrTORI0, Glenn L.
Martin Co., Baltimore, Md.

Breakdown problems assoctated with the
operation of antennas at high altitudesand high
speeds will be discussed, along with a presen-
tation of some of the proposed solutions to these
problems.
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SESSION 15*

TUES. 10:00 A.M.-12:30 P.M.

New York Coliseum
Marconi Hall

Information Theory—Review
and Recent Advances

Chairman: D. SLEPIAN, Bell Tele-
phone Labs., Murray Hill, N. J.

15.1. Cost of Transmission
Reliability

R. M. FaNo, Massachusetts In-
stitute of Technology,
Cambridge, Mass.

It has been shown that, contrary to earlier
beliefs, the reliability of a communications
system disturbed by noise could be made as
perfect as desired for a fixed bandwidth, fixed
signal power, and fixed transmission range;
noise sets inherent limits to the transmission
rate at which perfect reliability could be ob-
tained, but not to the degree of the reliability.
The cost of greater reliability is paid in terms of
terminal equipment complexity and transmis-
sion delay. A digital communication system
will be used to illustrate the dependence of
reliability and its price on the rate of transmis-
sion in the channel characteristics. Possible
future system development will be discussed,
together with some of the theoretical and practi-
cal problems that must still be faced in that
connection.

15.2. Channel Capacity without
Coding

P. Erias, Elec. Iing. Dept., Mas-
sachusetts Institute of Technol-
ogy, Cambridge, Mass.

Several communication systems employing
feedback are discussed which illustrate an
aspect of channel capacity and the trading
relationship between the transmission rate, reli
ability, and delay without involving compli-
cated coding and decoding procedure.
These provide simple intuitive interpretations
ot some of the basic results in information
theory.

15.3. Coding a Television
Source

J. L. KeLLy, Jr., Bell Telephone
Labs., Inc., Murray ILill, N. J.

The generad problem of coding a continuous
source for transinission over a discrete channel
will be discussed. In particular, examples will
be drawn fron: the field of television. Methods
of estimating the rate of a continuous source
will be outlined and the results of such esti-
mates compared with known methods of trans-
mission.

* Sponsored by the Professional Group on Inforina-
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15.4. What Good Is Information
Theory to Engineers?

J. R. Pi1eRCE, Bell Telephone Labs.,
Inc., Murray Hill, N. J.

Information theory has provided us with
a new and precise language in which to talk
about communication problems. Sometimes,
fortunately, problems in this language give us
a clearer understanding of them. It can scarcely
be asserted, however, that information theory
has led to startling advances in the way we do
things.

From a broader point of view, information
theory has given us a new way, full of inspira-
tion and confusion, of guiding and evaluating
experiments performed on human beings.

SESSION 16*

TUES. 10:00 A.M.-12:30 P.M.

NEW YORK COLISEUM
FARADAY HALL

Microwave Tubes

Chairman: V. LEARNED, Sperry Gy-
roscope Co., Great Neck, N. Y.

16.1. The Selection and Appli-
cations of Traveling-Wave
Tubes

A. H. NiELSEN AND N. W. HANSEN,

Federal Telecommunication Labs.,
Nutley, N. J.

This paper studies the traveling-wave tube
from the point of the user and describes the
procedure in selecting the proper operating
performance and circuit design most suited for
his application.

The objectives of this paper are twofold:
1) To establish the requirements for the par-
ticular application in mind, the evaluation of
traveling-wave tube characteristics as a func-
tion of this application, and to determine the
tube characteristics to be utilized:; and 2) to dis-
cuss the practical problems associated with
designing and packaging a traveling-wave
amplifier including power supply circuitry,
solenoid design, and cooling.

Equipment will be demonstrated which
utilizes the above techniques, showing how a
systematic procedure in the selection and pack-
aging of traveling-wave tubes is beneficial.

16.2. X-Band Traveling-Wave
Tube Feedback Oscillator

V. G. PrIcE, General Electric Micro-
wave Lab., Palo Alto, Calif.

The principles of feedback amplifier design
have been extended recently to the microwave
region to provide stable oscillators capable of
being tuned over a wide range. An x-band oscil-
lator is described which utilizes a commercial-
ly- available traveling-wave tube amplifier with
an external feedback circuit comprised of either
a fixed or tunable two-part high-Q cavity
resonator. Experimental data on this oscillator

* Sponsored by the Professional Group on Electron

Devices. To be published in Part 3 of the 1957 IRE
CONVENTION RECORD.

PROCEEDINGS OF THE IRE

are given which indicate the degree of frequen-
cy stability achievable on both a short- and
long-term basis and, in addition, pushing and
puiling information is given for various operat-
ing conditions. A comparison is made between
the performance of an oscillator of this type
constructed of commercially-available com-
ponents and that of a similar type oscillator
constructed with an ultra-stable power supply.
Under ordinary laboratory conditions of vi-
bration, ambient temperature, and pressure the
first oscillator had a short time stability of one
part in 10% while the second had a stability of
one part in 108 (for periods of the order of 20
milliseconds).

16.3. A Light-Weight, Low-Level
Traveling-Wave Tube Amplifier
for S Band

J. O. BrawMick, Federal Telecom-
munication Labs., Nutley, N. J.

The electrical and mechanical design of a
low-power, all metal traveling-wave amplifier
tube will be discussed.

The tube is capable of operating in the fre-
quency range of 2 to 4 kmc at a power level of
100 milliwatts. The minimum gain at rated
power output is 25 db. The tube has been minia-
turized by locating the rf terminals at opposite
ends of the tube, effecting a considerable re-
duction in the size and weight of both the tube
and solenoid. Thus, by a rearranging of the rf
terminals, a compact package is achieved in
which the maximum diameter of the solenoid
is 2 inches, and the combined weight of the
solenoid and tube is 2 pounds, 10 ounces.

16.4. The Duplexer as a Means
of Eliminating Interference
from Nearby High-Power
Radar Systems

I. REINGOLD AND J. L. CARTER,
Signal Corps Eng. Labs.,
Fort Monmouth, N. J.

The problem of mutual interference be-
tween nearby radar systems is becoming in-
creasingly serious. Conventional duplexers are
not particularly effective in alleviating the
interference problem between systems at the
incident power levels in question. An experi-
mental duplexer tube of unique design has
been developed and evaluated in an attempt
to provide a solution to this interference prob-
lem. Preliminary tests to determine perform-
ance under interference conditions were most
promising.

16.5. A New Method for Modulat-
ing Electron Beams for Pulse
Applications and Linear
Amplitude Modulation
Systems

G. M. W. BADGER, Eitel- McCul-
lough, Inc., San Bruno, Calif.

The various methods for modulating elec-
tron-beam tube devices are discussed. These
include linear amplifier service beam voltage
modulation and beam current modulation.
The advantages and disadvantages of the meth-
ods are presented.

One of the ways in which a beam-type elec-
tron device can be beam-current modulated
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is by means of the modulating anode. The
anode of a Pierce type gun is electrically iso-
lated from the other elements of the tube so
that a modulating potential can be applied.
The electrical characteristics of this new modu-
lating element are discussed, together with
some of the outstanding construction and fabri-
cating aspects.

The circuits for pulse and amplitude modu-
lation application are covered. The results of
considerable experience with wvarious high
power klystrons are presented in terms of over-
all linearity, efficiency phase shift. and other
experimental performance data.

The modulating anode principle is being
applied in other useful areas such as pulse
and rectifier tubes. These tubes are analyzed
and performance data are presented.

16.6. Behavior of a Backward-
Wave Oscillator with
External Feedback

F. L. VERNON, JR., Hughes Air-
craft Co., Culver City, Calif.

An investigation of the effects of deliberate-
ly introduced external feedback on the operat-
ing characteristics of a backward-wave tube
is made. Essentially, two methods are available
for predicting these effects. These are discussed
and applied to several cases. It is shown that
within certain limits a desired tuning curve or a
power curve can be synthesized by using the
proper frequency characteristic in the feed-
back line. Using the same methods, it is shown
that the effects on the frequency sensitivity
with respect to voltage, current, and other
external changes can be predicted in terms of
external circuit characteristics. This is experi-
mentally and theoretically examined for some
practical cases.

SESSION 17*

TUES. 2:30-5:00 P.M.

WALDORF-ASTORIA
STARLIGHT ROOF

General Communications Systems

Chairman: R. D. CAMPBELL,
American Telephone and Tele-
graph Co., New York, N. Y.

17.1. SSB Modulation for
Scatter Propagation

I. H. GERrks AND R. P. DECKER,
Collins Radio Co.,
Cedar Rapids, Iowa

There are many instances in scatter propa-
gation in which, because of great path length,
limitations on transmitter power, or restrictions
on antenna size it is impractical to achieve
sufficient signal-to-noise ratio at the receiver
for effective use of frequency modulation. An
example is the case of air-ground communica-
tion. In this case single-sideband modulation
is the optimum method for providing at least
one voice channel. Certain problems arise, how-
ever. when SSB modulation is used on vhf or
uhf scatter circuits. Among these are amplifier

* Sponsored by the Professional Group on Com-
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linearity, carrier frequency stability, effective
agcaction, and diversity combining. This paper
considers practical solutions to these problems
and describes results secured over a 1070-mile
ionospheric scatter circuit at 38.6 mc.

17.2. FM Scatter System
Measurements

R. W. BritroN AND H. D. HERN,
Collins Radio Co., Cedar Rapids,
Towa

The design ot tropospheric scatter coininu-
nicationsystemsischaracterized by the consider-
tions given to the effects of random fading and
high propagation loss. To insure equipment
performance that is compatible with these
stringent design considerations, various con.
prehensive system measurements must be per-
formed. These measurements are discussed and
specific techniques presented with emphasis
on diversity combining tests and intermoclula-
tion distortion using a randomn noise loacding
method. Measured results on one hundred sys-
tems is presented in graphical form and com-
pared to the required design values of a typical
twenty-four-voice channel system.

17.3. Theory of Feedback
Around the Limiter

E. J. BacHpapy, Dept. of Elec.
Eng. and Research Lab. of Elec-
tronics, Massachusetts Institute
of Technology, Cambridge,
Mass.

A new theory tor the effect ot feedback
wound the limiter upon interference rejection
:n fm receivers considers interference resulting
from superposition of two carriers differing
in amplitude and frequency, and distinguishes
between wide-band and narrow-band feedback.
The theory shows that wide-band feedback
cannot reduce the magnitude of the frequency
spikes caused by the interference regardiess
of the feedback angle. Inverse narrow-band
feedback aggravates the disturbance and raises
the limiting threshold. Positive narrow-band
feedback, which causes self-oscillation in the
absence of input signal, results in pronounced
capture improvement and automatic noise
squelch, and lowers the limiting threshold.

17.4. General Systems Approaches
to Telecommunication Optimiza-
tion Problems

R. E. KaLAaBA AND M. L. JuNcosa,
The RAND Corp.,
Santa Monica, Calif.

In the past, for telecommunication networks,
it has been difficult to treat analytically system
problems of optimal design and utilization.
The large number of variables involved in
describing the various system capacities, de-
mands of the users, and economic factors have
forced investigators to rely on various sub-
optimization techniques.

By contrast, two recently developed mathe-
matical techniques, linear programming and
dynamic programming, enable one to treat prob-
lems—involving perhaps thousands of vari-
ables—at the system level in a straightforward
and computationally feasible manner. Two
telecommunication network extension problems
are treated in some detail using these methods,
Other applications are indicated.
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17.5. The Future Air Force
Communication System

C. K. Cuarruls, Rome Air De-
velopment Center, Griffiss
Air Force Base, N. Y.

The expansion of air communication re-
quirements has proceeded with fantastic rapid-
ity in the span of the last half century. Most of
this expansion has occurred during and since
World War 1I. The end of this expansion in
numbers of channels and particularly in capa-
bilities is not in sight. It must increase with
higher aircraft and missile speeds, and increased
ranges and heights. Also, the advent of space
satellites will add to the communication prob-
tems The adaptation of the most modern
civilian communication system techniques and
engincering to Air Force purposes is mandatory
as a basic premise. [Inmediate expansion and
improvements to meet the Air Force require-
ments must follow rapidly.

SESSION 18*

TUES. 2:30-5:00 P.M.

WALDORF-ASTORIA
ASTOR GALLERY

Medical Electronics

Chairman: R. .. BUTENHOFF,
Atomic Energy Commission,
Washington, D. C.

18.1. A Magnetic Tape Recording
System for Teaching Electro-
cardiography

G. N. \WWEBB AND W. R. MILNOR,
Johns Ilopkins [lospital,
Baltimore, Md.

A system for recording ecg and other physi-
ological data in the frequency range of 0.10 to
100 cps on magnetic tape is described. Tests
of various grades of tape-handling asscinblies,
modulation, and demodulating equipment are
shown and discussed with respect to the param-
eters of the ecg desirable for teaching purposes.

Two channels of information are recorded
on quarter-inch tape using frequency modu-
Jated phantastrons. Playback amplifiers and
demodulators are transistorized. Complete
circuits of modulators, demodulators, and regu-
lated power supplies are shown. Noise, ampli-
tude, dynamic range, and linearity measure-
ments are illustrated.

18.2. Ultrasonic Dosimetry for
Medical Use

V. T. ToMBERG, Biophysical Re-
search Lab., New York, N. Y.

Ultrasonics are used for medical treatment
in physical therapy The margin between harm-
ful doses and not successful doses is very nar-
row Dosimetry is difficult to apply because of
inadequate electronic construction and insuffi-
cient knowledge of the overlapping biological
effects of heat, mechanical and chemical na-

* Sponsored by the Professional Groun on Medical
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ture. The physical and technical problems are
discussed.

18.3. An Electrical Circuit
Analogy for Isotope Kinetics

R. L. SCHOENFELD AND M. BERMAN,
Sloan-Kettering Institute,
New York, N. Y.

An electrical circuit analogy is developed
to treat the kinetics of isotopic tracers in
steady-state physiological systems. The circuit
consists of »n capacitors connected by non-
reciprocal conductances. This structure is
analogous to the distribution and steady-state
rate of flow of the nonlabeled material. Net-
work functions analogous to driving point and
transfer impedances for the electrical circuit
are defined from measurements of the kinetics
of the traces. Methods carried over from elec-
trical network synthesis permit the formula-
tion of possible models and the mapping of
equivalent systems.

18.4. Electronic Control of the
Artificial Respiration Cycle

L. H. MoNTGOMERY, Vanderbilt
University Medical School,
Nashville, Tenn.

A method of using biological potentials,
which are amplified, filtered, and integrated to
automatically ceontrol the flow of air to and
from the iron lung or other type of respirator
in accordance with the needs of the patient, is
described. Preliminary operational results are
discussed.

18.5. The Incorporation of Picture
Storage with the Technique of
X-Ray Fluoroscopy

W. GoMBaSH, JR., Hughes Air-
craft Co., Culver City, Calif.

This paper deals with the application of a
half-tone storage tube for the retention of X-
ray fluoroscopic images as received from an
X-ray phosphor screen. Using this technique
it is possible for the viewing radiologist to ob-
tain a brighter more defined image, while at
the same time cutting down on the total dosage
of X-ray to the patient. This is accomplished
by picking up a short exposure, relatively high
intensity X-ray fluoroscopic image with a tele-
vision camera tube, feeding the video signal
through a tv chain and displaying and storing
the resultant inmge on a half-tone direct view-
ing storage tube for subsequent study.

SESSION 19*

TUES. 2:30-5:00 P.M.

WALDORF-ASTORIA
JADE ROOM

New Operational Techniques
Concerning Video Test
Signals

* Sponsored by the Professional Group on Broad-
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Chairman: R. N. HarmoN, West-
inghouse Broadcasting Co., Inc.,
New York, N. Y.

Panel Members: J. R. POPKIN-
CLURMAN AND F. DAVIDOFF,
Telechrome Manufacturing
Corp., Amityville, N. Y.

J. W. WENTWORTH, Radio Corp.
of America, Camden, N. J.

R. M. MoRrRris, American Broad-
casting Co., New York, N. Y.
W. B. WuaLLEY, Columbia Broad-
casting System, New York, N. Y.
H. C. GRONBERG, National Broad-
casting Co., New York, N. Y.

J. Tuorve, American Tel. and
Tel. Co., New York, N. Y.

E. W. Cuarin, Federal Communi-
cations Commission, Laurel, Md.
A. St1. MAaRrIE, Canadian Broad-
casting Corp., Montreal,

Que., Can.

This panel discussion deals with the subject
of video test signals during the vertical blank-
ing interval. This is a new operational technique
which permits the transmission of certain vidco
test signals on a continuous basis during normal
program transmission. A standardization of
test signals for transmission during the vertical
interval has not as yet been made by the in
dustry or authorized by the FCC except on an
experimental basis. An effort has been made to
obtain speakers of authority on this subject.
The speakers include representatives from two
cquipment manufacturers. the three major
television networks, The Telephone Long Lines
Department, and the FCC. A question and dis-
cussion period will follow.

SESSION 20*

TUES. 2:30~5:00 P.M.

WALDORF-ASTORIA
SERT ROOM

High Fidelity and Home
Measurements

Chairman: F. H. SLAYMAKER,
Stromberg-Carlson Co.,
Rochester, N. Y.

20.1. Intermodulation Distortion:
Its Measurement and
Evaluation

A. PETERSON, General Radio Co.,
Cambridge, Mass.

The unlimited variety of methods of inter-
modulation distortion measurement are con-
veniently classified into three major groups
according to the number of components in the
test signai. At least seven subgroups are suffi-
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ciently distinct to merit individual discussion.
Since these test mmethods do not, in general,
yield the same information, one or more of
them should be selected for each application
according to the nature and expected uses of
the device under test.

Some recent psychoacoustic investigations
are used for judging the significance of the
results of intermodulation measurements in
terms of audibility of distortion in high-quality
reproduction.

20.2. Testing High-Fidelity
Amplifiers in the Home

W. W. DEAN, General Electric
Co., Syracuse, N. Y.

Explicit methods of measurement will be
described in order to prevent falling into the
pitfalls of false or misleading data. Procedures
will be outlined for the measurement of fre-
quency response, power output, equalization,
preamplifier overload, sufficiency of gain on
the phonograph channels, and residual hum
and noise.

20.3. Disk and Magnetic Tape
Phonograph Systems

W. H. EriksoN, Radio Corp. of
America, Camden, N. J.

Measurement techniques are described with
the objective of performance improvement.
Major emphasis is on the thorough evaluation
of pickup cartridge performance and living
room acoustical measurements on loudspeakers.
Pickup measurements include optimum verti-
cal force, low and high-frequency tracking
capabilities, IM distortion, and frequency re-
sponse. The most useful test records and tapes
are identified and described. The difficulties
of living room loudspeaker measurements are
outlined and a measurement technique which
minimizes these difficulties is described in de-
tail. Methods of improving loudspeaker per-
formance by equalization are discussed and
illustrated. Many performance curves of pick-
ups and loudspcakers are shown.

20.4. Improved Low-Frequency
Loudspeaker Performance

S. ZUERKER, General Electric Co.,
Syracuse, N. Y.

Present-day home audio systems are usually
adequate with respect to frequency response,
but improvement of undistorted power output
at low frequencies is desirable. The loud-
speaker is the weakest element in the system
in this respect, although improvements also
should be made on power amplifier stability.
Analyzing the distorting elements in the loud-
speaker and the power requirements, it can be
shown that a loudspeaker can be designed to
adequately handle all low-frequency power
conditions without a significant drop in effi-
ciency, and mounted within an enclosure of
smaller than usual dimensions. The gain in
maximum power output will be shown in com-
parison with popular loudspeakers now on the
high-fidelity market by means of power re-
sponse curves.

20.5. A Low-Pressure Phono-
graph Cartridge

W. E. GLENN, General Electric
Co., Schenectady, N. Y.

March

A barium titanate phonograph cartridge is
described which is designed to meet tracking
requirements below 2 grams tracking pressure.
The cartridge has a dynamic mass of only 1/10
of a milligram and is designed so that it has no
resonances between 25 cycles and 20,000 cy-
cles. The output after compensation for the
RIAA record characteristics is about 40 milli-
volts. Hum and noise are particularly low with
this unit. The vertical and lateral compliance,
dynamic mass, protection from damage. sim-
plicity of construction, and other factors are
considered in the design Construction and
performance characteristics are given

20.6. A High-Fidelity Phono-
graph Reproducer

B. B. BAUER AND L. GUNTER,
Shure Brothers, Inc.,
Evanston, Ill.

A new phonograph reproducer is described
combining together certain features believed
to be essential for high-fidelity reproduction.
They are: 1) Practical climination of friction
by use of jewel bearings on all pivots; 2) low
arm mass combined with freedom from reson-
ances; 3) damping without interference with
the freedom of motion of the arm; 4) tracking
error correction; and 3) safe needle lift mecha-
nism to avoid damage to the needle and the
record. The cartridge is of moving field type
with needle tip mass approaching 1 milligram
and is magnetically balanced against hum
pickup. The reproducer is capable of tracking
conventional records with needle load less than
two grams.

SESSION 21*

TUES. 2:30-5:00 P.M.

NEW YORK COLISEUM
MORSE HALL

Antennas II—Broadband
Antennas

Chairman: A. ALFORD, Andrew
Alford Consulting Engineers,
Boston, Mass.

21.1. High Frequency Steerable
Beam Antenna System

E. Hupock, Collins Radio Co.,
Cedar Rapids, Iowa

A high-frequency antenna system whose
characteristics are those desirable for reliable
long-path propagation in the high-frequency
range and whose beam is steerable in the azi-
muth plane is described. High gain at low
angles of radiation with patterns containing
a minimum of secondary lobes are the chief
features of this antenna. The steerable system
discussed here is of the Wullenweber type, but
of interest is the nature by which two separate
and independent arrays are combined in one
supporting structure and the wide range of
frequencies that each array covers. The lower
frequency array is vertically polarized, while
that of the higher frequency array is horizontal.
Each array has a gain comparable to that of

* Sponsored by the Professional Group on Anten-
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a class A rhombic and maintains a satistactory
impedance match (vswr 2:1 and under) over
a bandwidth of 2:1.

21.2. Constant Beamwidth
Broadband Antennas

C. F. PARKER AND R. J. ANDERSON,
Melpar, Inc., Falls Church, Va.

In a normal horn radiator or aperture type
antenna the beamwidth of the main lobe is
inversely proportional to the aperture in wave-
lengths. As frequency is varied the aperture
/wavelength ratio varies in direct proportion,
providing a one-to-one correspondence between
frequency and beamwidth. A new type horn
radiator called the “pinwall” antenna has been
developed which provides an essentially con-
stant beamwidth over a 4-to-1 band instead
of the usual 4-to-1 variation in beamwidth
that would result from this frequency change.
The basic principle behind the pinwall antenna
lies in the replacement of the walls of a horn
with pins properly spaced to allow the higher
frequencies to radiate from a small aperture
while constraining the lower frequencies until
larger apertures are reached. End-fire radiators
were also investigated and dimensions have
been obtained for polyrod antennas which pro-
duce a constant beamwidth over a 2-to-1
band.

21.3. Broadband Traveling-
Wave Antennas

D. K. REyNoLDs, University of
Seattle, Seattle, Wash.

The large class of traveling-wave antennas
includes many examples which are superficially
quite different, such as the helical antenna,
the dielectric antenna, the corrugated surface,
and the long Yagi antenna. The essential simi-
larity of thesc antennas is discussed, and it is
shown that the pattern bandwidth is inherently
large, and separable from the impedance band-
width. Broadband methods of excitation are
discussed whiclh allow for operation over large
frequency ratios. An cxample is presented of
the broadband excitation of a 15 wavelength
Yagi antenna.

21.4. Evaluating the Impedance
Broadbanding Potential of
Antennas

A. VassiLiaDis AND R. L. TANNER,
Stanford Research Institute,
Palo Alto, Calif.

One of the principal concerns of the aircraft
antenna designer is to determine whether an
antenna having some known termina! imped-
ance characteristics can be compensated to
meet a specified vswr-bandwidth relation. Al-
ternatively the problem may be to select from
among possible antenna configurations that one
which possesses the greatest impedance broad-
banding potential.

In this paper the problem is examined by
meansof modern circuit theory. Antenna imped-
ances are approximated by rational algebraic
fractions and the impedances represented by
these functions are treated analytically to
determine the vswr-bandwidth relationship
which may be obtained by optimum compen-
sation. The functions which can be considered
by the techniques developed are sufficiently
complex to adequately represent the basic
impedance characteristics obtained with typi-
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cal airborne flush mounted antennas over a
frequency range which causes the dimensions
of the antenna to vary between a small fraction
of a wavelength and approximately a wave-
length. Examples are given.

21.5(A). Frequency Independent
Antennas

V. H. RumsEgy, University of
Illinois, Urbana, Il.

Any antenna whose shape is specified entire-
ly by angles obviously is independent of the
wavelenth. The infinite biconical antenna is a
familiar example There is an infinite variety
of such frequency independent shapes but they
all extend to infinity. The practical application
of this idea therefore depends on how rapidly,
if at all, the performance of a finite antenna
of this kind converges to the infinite case as
the frequency is raised. It appears that the
input impedance always converges but that the
pattern usually does not converge. There are
some striking examples where the pattern does
converge, thus giving a practical antenna whose
pattern as well as impedance is independent of
frequency above a certain frequency. The ac-
companying paper by DuHamel and Isbell is
an example.

21.5(B). Broadband Logarithmi-
cally Periodic Antenna
Structures

R. H. DuHaMEL, Collins Radio
Co., Cedar Rapids, Iowa, AND
D. E. IsBELL, University of
Illinois, Urbana, Ill.

Antenna structures tor which the input
impedance and radiation pattern vary periodi-
cally with the logarithm of the frequency are
described. For a particular class of these struc-
tures the variation of the electrical character-
istics over a period is negligible, the result being
an antenna for which the impedance and pat-
tern are essentially independent of frequency
over bandwidths greater than ten to one. The
antennas are linearly polarized and bidirection-
al beams with equal principal plane beam-
widths are obtained The beamwidth may be
controlled to a considerable extent by the
geometry of the structure

SESSION 22*

TUES. 2:30-5:00 P.M.

NEW YORK COLISEUM
MARCONI HALL

Information Theory—Applications

Chairman: M. J. D1 Toro, Poly-
technic Research and Develop-
ment Co., Inc., Brooklyn, N. Y.

22.1. An Inductive Inference
Machine

* Sponsored by the Professional Group on Infor-
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R. J. SoLomoNorF, Technical
Research Group,
New York, N. Y.

A study has been made of a category of
machines that wiil perform inductive inferences.
A simplified model will be described that only
uses a few of a more complete set of heuristic
devices. Such a machine is able to learn arith
metic operations from a small set of examples.

By using all of the heuristic devices, it is
expected that a machine will be able to learn
to perform complex tasks for which it was not
specifically designed. Proving theorems, play-
ing good chess, and answering questions in
English appear to be within ultimate machine
capabilities.

22.2. Multicase Binary Codes
for Nonuniform Character
Distributions

F. P. Brooks, Jr., International
Business Machines Corp.,
Poughkeepsie, N. Y.

For economical transmission, variable-
tength coding svstems are theoretically best for
nonuniform character distributions, but diffi-
culties of decading and checking limit their
practical usefuiness. A useful class of variable
length codes are the multicase codes, in which
the characters imessages) to be represented are
divided into two or more cases, with shift char-
acters signaling changes in the case of succeed-
ing characters. Analysis of the properties of
multicase coding systems yields a method of
generating and selecting economical variable-
length codes that can be readily encoded, de-
coded, and checked.

22.3. Binary Transmission
Through Noise and Fading

M. MASONSON, Federal Telecom-
munication Labs., Nutley, N. J.

This paper deals with the detection of
binary modulated carriers, e.g. “on-off” radio-
teletype, fsk, etc., in the presence of noise and
fading. Diversification in transmission and re-
ception and “combining” methods are dealt
with. System performance is presented in terms
of probabilities of error in reception. System
capabilities are presented in terms of their
(channel) capacities. Various detection (de-
cision) criteria are considered, e.g., minimiza-
tion of error probability.

22.4. An Estimate of the Deg-
radation in Signal Detection
Resulting from the Addition

of the Video Voltages
from Two Radar
Receivers

H. L. McCorp, [Tughes Aircraft
Co., Culver City, Calif.

The detection of a pulse radar signal in the
video of a radar receiver is treated as a prob-
lem in statistics for three cases: 1) a reference
case of one radar, 2) a case where the videos of
two radars are added linearly, and 3) the case
where only the highest video voltage between
the two radars at each instant of time is pre-
sented to the detection process. The signal-to-
noise power mtio required in the IF of the chan.
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nel containing the signal is computed for a
probability of detection of 0.50 and a false
alarm probability of 1.00 X 1078, This signal-to
noise power ratio for case 2) and case 3) is com-
pated to that of case 1) the reference casc, and
estimates of the equivalent degradation in
transmitted power resuit, The estimated deg-
radation for the linearly added case is 2.2 db,
while that tor the peak selected case. 3). is
0.20 db within the limits of the assumptions
used in the analysis.

22.5. The X Carrier: A Tele-
phone Carrier System
Employing Bandwidth

Compression

J. W. HavriNa, Lynch Carrier
Systems, Inc., San Francisco,

Calif.

The paper deals with a carrier system for
telephone application which employs a method
of speech bandwidth compression described as
“coherent  modulation.” Compression is
achieved by modulating the speech spectrum
with a function of itself,

Both theoretical results and experimental
data are reported for prototypes designed for
3-to-1and 5-to-1 bandwidth compression ratios.
The quality of speech transmitted through the
system is surprisingly high. Conventional
single tone tests for bandwidth and distortion
do not detect the presence of a bandwidth
compressor in the system and are thus relative-
ly irrelevant as a measure of performance The
system exhibits an improvement threshold
which is apparently related to a restricted auto-
correlation process employed in coherent mod-
ulation.

The interesting characteristics of the equip-
nent are economy of parts, simplicity and uti-
lization of conventional circuitry. Development
to date has not reached the point of determin-
ing the maximum compression ratios realizable.

SESSION 23*
TUES. 2:30-5:00 P.M.

NEW YORK COLISEUM
FARADAY HALL

Televisual Systems Devices

Chairman: S. T. SmitH, Naval
Research Lab., Washington,
D. C.

23.1. The Development of 110°
Television Picture Tubes
Having an Ion Trap
Electron Gun

L. E. SwEpLUND AND L. C. WIMPEE,
General Electric Co.,
Syracuse, N. Y.

The factors leading to the development of
110° deflection angle, television picture tubes
are reviewed and in particular the problems of
designing an electron gun with an ion trap in
the smaller, shorter neck of these tubes, are

* Sponsored by the Protessional Groups on Elec-
tron Devices and Broadcast and Television Receivers.
To be published .n Part 3 of the 1957 IRE CONVEN-
TION RECORD.
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described. In spite ot the smaller space available
for the electron gun a design was devised which
provides full focused beam current and ade-
quate voltage insulation. Although, because of
the restricted space. there appeared to be no
simple way to provide for an ion trap the prob-
lem was solved by means of a novel off-set
grid, ion trap structure which centers the fo-
cused beam on the screen without requiring
that the electron gun be tilted.

The solution of these problems is illustrated
by their application to commercial picture
tubes.

23.2. Image Tube Utilizing
Bombardment Induced
Conductivity

R. \W. DECKER AND R. J. SCHNEE-
BERGER, Westinghouse Research
Labs., Pittsburgh, Pa.

A television pickup device utilizing a layer
of material exhibiting electron bombardment-
induced conductivity as the amplifying and
storing element is described The device oper-
ates in the simplest type of television camera
systems. The performance of present experi-
mental tubes indicates ultimate sensitivity
comparable to the Image Orthicon It is ex-
pected that sensitivity can be increased to the
theoretical limits imposed by the efficiency of
the photocathode, with resolution adequate for
television broadcasting.

23.3. New Developments in
the Panel Light Amplifier

B. Kazan, Radio Corp. of Amer-
ica Labs., Princeton, N. J.

Using a new electronic system of operation
and improved photoconductive materials, an
experimental large-area, panel-type, solid-
state light amplifier has been developed with
light gains of as much as 1000 times. When
directly excited by X rays instead of light,
such panels produce output pictures 100 times
brighter than the conventional fluoroscope
screen. The slow decay of the amplifier makes
the screen potentially useful for large-screen,
bright radar displays, and for the storage of
transient images. The nonlinear component
materials increase the contrast of the output
image, the particular input-output character-
istic of the amplifier being determined by the
selected mode of operation and the operating
frequency.

23.4. An Electrostatic
Character- Writing
Tube

K. SciiLESINGER, B. MAGGOs,
AND A. F. HoGaG, Motorola,
Inc., Chicago, Il

A 19-inch charactron tube has been de-
veloped which uses electrostatic fields through-
out for character selection and distribution, as
well as for image formation and intensification,
Two pairs of conjugate electrostatic yokes are
used for letter-selection, and a fifth unit for
character-positioning at wide angles (70 de-
grees).

A long decelerating electrostatic lens is
used for image formation, permitting instan-
taneous change of size between small and capi-
tal letters.
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A new barrier-mask accelerator has been
developed to increase beam velocity twelve-
to-one over the last inch of its path ahead of
the screen,

23.5. A High-Speed, Low
Voltage Light Modulator

A. C. KoEeLscH, IBM Research
Center, Poughkeepsie, N. V.

Barium titanate when held above the
Curie temperature exhibits double refraction,
upon the application of an electric field, that
disappears when the field is removed. This Kerr
effect is significant in barium titanate for ap-
plied fields well below those required for com-
mon Kerr cell materials, such as nitrobenzene,
This paper will discuss double refraction and
the Kerr effect. and in particular, the desirabil-
ity of operating barium titanate, as an electro-
optic light modulator, above the Curie temper-
ature, Experimental results show that light
pulses can be attained whose duration are in
the low musec region, The effect of mechanical
crystal vibrations will be discussed, as well as
the light transmission properties of the sys-
tem.

SESSION 24*

TUES. 8:00-10:30 P.M.

WALDORF-ASTORIA
STARLIGHT ROOF

Applications of Electronics to
Air Traffic Control

Chairman: W. R. G. BAKER,
Pres., Radio Electronics
Television Manufactur-

ers Association

Moderator: J. L. ANAsT, Systems
Planning Advisor to E. P. Cur-
tis, Ass’t to the President of
of the United States for Avi-
ation Facilities Planning

Panel Members: S. ALEXANDER,
National Bureau of Standards,
Washington, D. C.

C. WHEELER, Airborne Instru-
ments Lab., Inc.,
Mineola, N. Y.

L. PERPER, Tucson, Ariz.
V. WEIHE, Air Transport Asso-
ciation, Washington, D. C.
S. BErkowitz, The Franklin
Institute, Philadelphia, Pa.

A discussion of plans, research, and de-
velopment on national aviation air traffic con-
trol facilities and systems and the use of elec-
tronics in the program.

* Sponsored by the Professional Group on Aero-
nautical and Navigational Electronics and Military
Electronics. To be published in Part 8 of the 1957 IRE
CONVENTION RECORD.
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SESSION 25*

TUES. 8:00-10:30 P.M.

NEW YORK COLISEUM
FARADAY HALL

Microminiaturization—The
Ultimate Technique

Chairman: C. BRUNETTI, General
Mills, Inc., Minneapolis, Minn.

The cry “make it smaller—make it lighter”
has been ringing in the radio-electronics engi-
neer's ears since before World War I and it
seems that the more he accomplishes along this
line, the louder and more insistent the cry be-
comes. Much, indeed very much was accom-
plished in the years between 1918 and 1941 but
World War IT multiplied the demand for “small-
er and lighter” by several orders of magnitude.
Actually, in far too many cases the pressure for
decreased size and weight was too great and
reliability was neglected or even lost sight of.
Today, therefore, the modifier “ . . . but make
it more reliable,” has been added to the original
cry.
To the modern electronics engineer, this is
not at all inconsistent, but is reasonably essen-
tial if progress in his chosen field is to continue
at its accelerating rate presently observable.
He was able very creditably to miniaturize his
equipment prior to World War II, to subminia-
turize during and after the Korean “police
action,” but today this is not enough; he must
microminiaturize if he’s to stay in the running.
Some very substantial steps in microminiatu-
rization have taken place and many more are in
the offing, sometimes not even recognized as
such, just as so many revolutionary develop-
ments arrive piecemeal and are not appreciated
until someone takes time to review the field
and point out the effort that is taking place
and, surprisingly perhaps, is intelligently co-
ordinated.

This session, therefore, is to spotlight some
of the “microminiaturization” that is now
with us or under way and to pose a challenge
for engineers in the electronics field to do even
better in the future. Can he go beyond “micro-
miniaturization” or is this truly “The Ultimate
Technique”? Only time will tell, but from one
viewpoint, if an item can be reduced substan-
tially in size and/or weight, then it’s still in
the miniature or subminiature stage and “Mic-
rominiaturization—The Ultimate Technique”
is yet to arrive.

25.1. Philosophy of Micro-
miniaturization Technique

C. BRUNETTI, General Mills,
Inc., Minneapolis, Minn.

The concept of microminiaturization will be
introduced and presented in relation to minia-
ture and subminiature techniques. The increas-
ing need for extension of the art of electronic
packaging into the smaller regions will be
covered. Guide lines. necessary for develop-
ment and fabrication of useful and practical
microminiature electronics, will be described
in general terms.

Some new developments in sciences outside
the electronic field, which might encourage new
ideas or approaches to microminiaturization.
will be presented.

* Sponsored by the Professional Groups on Indus-
trial Electroics. Component Parts, and Production
Techniques. To be published in Part 6 of the 1957 IRE
CONVENTION RECORD.
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25.2. The Challenge of the
Environment

E. F. CARTER, Stanford Research
Institute, Menlo Park, Calif.

This talk will show the urgent and basic
needs for microminiaturization in order to
keep up with the rapid progress in electronic
applications, particularly in the mobile field.
Much imaginative publicity has been given to
the high temperature requirements of equip-
ment for missiles and supersonic aircraft and
these will be covered authoritatively but there
are other fields such as the infantryman’s hel-
met transceiver that are perhaps equally im-
portant where the space requirements cannot
even be approached without microminiaturiza-
tion.

25.3. Material Constituents
and Components

H. A. STONE, JR., Bell Telephone
Labs., Murray Hill, N. J.

This talk will cover as much of the specific
field currently available in the way of new
materials and techniques. Available com-
ponents will be shown and discussed and an
indication of what further progress may be
expected within the next year or so. Needs for
additional materials and new types of com-
ponents not yet available or on the horizon will
be stressed as a challenge for the electronics
industry to come forward with a practical
solution.

25.4. Today’s Applications
and Equipments

End product uses of microminiature com-
ponents will be illustrated both by actual equip-~
ment and by slides and/or discussion. Speakers
will discuss specific fields and items both to
show what is now being done and to offer a
provocative challenge to others to do even
better in the future.

Military

Bric. GEN. E. R. PeETZING (Ret),
Moore School of Elec. Eng.,
University of Pennsylvania,

Philadelphia, Pa.

Missiles

J. R. MooRE, North American
Aviation Corp., Downey, Calif.

The guided missile has provided.a primary
impetus to microminiaturization. This talk will
explain how the necessity of replacing human
pilots, navigators, and bombardiers with elec-
tromechanical counterparts to make guided
missiles has forced a concentration on reliabil-
ity and reduction in size and weight which can
only be achieved by microminiaturization. Be-
cause missiles used in military action are com-
pletely expended, the reduced cost in airframe
weight and propulsion equipment afforded by
a minimal size and weight of electronic brains
and reflexes has an important effect in achieving
“more defense per dollar.” Added to this is the
fact that microminiaturization permits semi-
automatic or automatic production techniques
which further reduce the cost of missiles by in-
creasing reliability, reducing the cost of elec-
tronic elements, and permitting national
standardization for mobilization purposes
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Methods

W. W. Hamalton, Elgin National
Watck Co., Elgin, Ill.

How does one go about “microminiaturiza-
tion?” Probably the most significant progress
in the broad field has been accomplished by the
watch industry. This talk covers the applica-
tion of highly precise watch design and manu-
facturing methods to frontier electronic tech-
nology.

SESSION 26*

10:00 A.M.-12:30 P.M.
WALDORF-ASTORIA
STARLIGHT ROOF

WED.

Electronic Computers I—Digital
Computers

Chairman: J. P. NasH, Univer-
sity of Illinois, Urbana, Ill.

26.1. An RCA High-Performance
Tape Transport System

S. BavBick AND R. E. MoNTIjO,
Radio Corp. of America,
Camden, N. J.

A high-performance, multichannel digital
tape transport has been developed to meet
the needs of the data processing industry in
general, This is a tubeless equipment which
provides very fast start and stop times at very
high repetition rates through the use of semi-
conductor and magnetic components.

This paper describes the electronics and
mechanism in detail including the methods
employed in obtaining start-stop rates to 120
per second, start and stop times of less than
2 milliseconds, and a start-stop spacing of less
than 0.2 inches. The transport handles various
widths of tape from } to 1§ inches and magnetic
heads which provide up to 18 recording tracks.

The weight-type reel servo system, the high-
current transistor solenoid driver, and the tape
control logic are also described. Several unique
features of this equipment have been employed
in this developmental equipment to achieve
performance and enhance its reproducibility.

26.2. A Magnetic Pulse-Current
Regulator

J. D. LAWRENCE, Jr. AND T. H.
BoNN, Remington Rand Uni-
vac, Philadelphia, Pa.

This paper describes a magnetic current
regulator using a square hysteresis loop core
with two windings. A direct current flowing in
one winding h»lds the core in a saturated con-
dition and provides a current reference for
regulation. The core presents a low impedance
to a current pulse passing through the other
winding until the pulse mmf exceeds the dc
mmf. When this happens, the core moves into

* Sponsored by the Professional Group on Elec
tronic Computers. To be published in Part 4 of 1957
IRE CONVENTION RECOVD.
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the unsaturated region of its hysteresis loop
and presents a high impedance to the current
pulse, thereby preventing further increase in
this current pulse,

Design considerations are presented. The
precision of regulation is directly proportional
to the number of turns on the pulse winding
and inversely proportional to the magnetizing
mmf required by the core in its unsaturated
region. Hence, precision of regulation is limited
by the amount of air core inductance that can
be tolerated and the number of turns that it is
physically possible to place on a core. The use
of a thin-wall metal bobbin substantially im-
proves the regulation.

26.3. Diodeless Magnetic Core
Logical Circuits

L. A. RussgLL, IBM Research
Center, Poughkeepsie, N. V.

Magnetic cores having rectangular hystere-
«is loops have been shown to be useful as a key
element in logical circuits for digital computers,
However. most of these circuits use diodes for
coupling, requiring windings of large numbers
of turns, or large cores. A special class of mag-
netic core logical circuits will be presented in
which cores are used for coupling. By avoiding
the use of diodes, these circuits offer major
advantages in economy, reliability, and com-
pactness in medium speed applications, The
basic technique that eliminates the neced for
diodes requires that some of the cores have a
switching threshold. Specific examples of pos-
sible circuits and their operating characteristics
will be shown.

26.4. Digital Computer Designs
Circuit for Longest Mean
Time to Failure

J. ALman, P. L. Puipeps, anp D. L.
WiLsoN, Remington Rand
Univac, D1v. of Sperry Rand
Corp., St. Paul, Minn.

This paper describes a system of circuit
design utilizing a digital computer. The digital
computer is programmed in such a manner so
that it can compute the circuit that would give
the longest mean time for failure of the circuit.
This is accomplished by programming into the
computer the characteristics of life test of com-
ponents. The computer computes the circuit
many times looking for the combination of cir-
cuit components that would still meet the out-
put requirements and give the longest mean
life to failure. The main computer output then
becomes just the circuit which would give the
longest mean time to failure possible with the
existing component characteristics which were
programmed into the computer.

26.5. Considerations in the Design
of Character Recognition
Systems

E. C. GrEaNIAs AND Y. M. HivrL,
International Business Ma-
chines Corp., Endicott, N. Y.

The basic factors pertaining to the Charic-
ter Sensing problem are discussed. These are
range of style, range of quality, and number of
characters and symbols to be recognized. Pos-
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sible definitions of character quality and units
for measuring it are described. The information
handling steps of the recognition process are
outlined as:

1) Conversion of marks on paper to electri-

cal signals.

2) Discrimination between signal and noise.

3) Reduction of filtered data.

4) Identification of characters and symbols

based on recduced data.

5) Validity checks.

The use of digital computers in the simula-
tion of data reduction and recognition are de-
scribed. A method for generating realistic test
specimens on a digital computer is outlined.

SESSION 27*

10:00 A.M.-12:30 P.M.

WALDORF-ASTORIA
ASTOR GALLERY

WED.

Magnetic Recording

Chairman: M. CAMRAS, Armour
Research Foundation,
Chicago, Ill.

27.1. An Approach to Quantitative
Methods for Evaluation of
Magnetic Recording
System Performance

C. B. StaNLEY, Ampex Corp.,
Redwood City, Calif.

The sclection of an information storage
device appropriate to the form and precision
of the data analog requires evaluation of the
distortions introduced by the system in terms
of the critical data parameters.

The effects of nonunitorm tape motion,
dynamic range, and frequency response upon
direct-, fm-, and PWM-recorded data are dis-
cussed. Methods are presented for exhibiting
system performance specifications in forms suit-
able for directly sclecting the optimum type of
translation appropriate to the accuracy and
bandwidth requirements of the data.

27.2 The Application of Wow
and Flutter Compensation
Techniques to FM
Magnetic Recording
Systems

R. L. PEsHEL, Ampex Corp.,
Redwood City, Calif.

The sources of error present when data
signals are recorded and reproduced on mag-
netic tape by an fm system are identificd, and
the cffect of each type of error on the repro-
duced intelligence is analyzed.

Several of the methods employed for the
compensation of errors arising from unstable
tape motion are compared on the basis of cffec-
tiveness, complexity. and cost. The problems

* Sponsored by the Professional Group on Audio,
To be published in Part 7 of the 1957 IRE CONVEN-
TION RECORD,
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associated with the design of a compensation
system are reviewed,

The relative merits of two commonly used
systems are investigated in detail.

27.3. Design of Instrumentation
Magnetic Tape Transport
Mechanisms

K. ScHOEBEL, Ampex Corp.,
Redwood City, Calif.

The various existing instrumentation tape
recorders for use in the field of data reduction
are described. The basic design of a new pre-
cision magnetic tape transport mechanism is
presented in detail from the development of a
prototype to the full production. It is demon-
strated how mechanical design can reduce wow
and flutter to an extremely low value and in
many cases eliminate the nced of electronic
compensation. A complete description of the
tape transport mechanism is presented—size,
capability, and performance. Modifications of
the standard tape transport, such as a 120
inches/sec search-drive, a multispeed drive
system, and others are described.

27.4. The Reverbetron

P. C. GoLDMARK AND J. M.
HoLLywoop, CBS Labs.,
New York, N. 7,

A magnetic tape reverbetron is described.
This device for producing synthetic reverbera-
tion has been developed into models suitable
for studio or home use. A brief historical out-
line of the course of development is given,

The subjective effects of reverberation
time, percentage of reverberation, and echo
repetition rate are discussed. The choice of
range for these parameters is given. Design
considerations are discussed. A block diagram
and schematic are shown, and pictures of studio
and home models. A demonstration of the
reverbetron unit is given.

Comparison is made with a typical echo
chamber by showing comparative frequency
response and oscillograms of transient response,

27.5. A Multichannel Trans-
ducer for Magnetic Recording

H. A. Jounson, Shure Brothers,
Inc., Evanston, Ill.

This paper describes an unique method of
construction for a magnetic transducer element
for magnetic recording and reproducing equip-
ment and a stacking means whereby a plural-
ity of elements can be utilized for multichannel
applications. Where two or more elements are
juxtaposed, such as in stereophonic recording
and similar applications, crosstalk considera-
tions become rather significant. In order to
arrive at satisfactory crosstalk figures it is
necessary to consider two sets of conditions: 1)
when only one channel is being recorded at a
particular time, and 2) when several channels
are being recorded simultaneously. The results
obtained from the crosstalk measurements,
along with the frequency response character-
istic and operating parameters for the elements,
are presented.



SESSION 28*

10:00 A.M.-12:30 P.M.

WALDORF-ASTORIA
JADE ROOM

WED.

Nuclear Instrumentation

Chairman: M. A. ScHuLTz, Wes-
tinghouse Commercial Atomic
Power, Pittsburgh, Pa.

28.1. Track Recognition System
for Scanning Nuclear
Emulsions

S. BECKER AND J. FRANCESCHINI,
Airborne Instruments Lab.,
Inc., Mineola, N. Y.

An experimental scanner using television
techniques has been built to detect and count
neutron tracks in the photographic emulsion
used in monitoring personnel radiation expo-
sure. The principal problem is the reading of
very shor* tracks in a background of artifacts
and random grains.

Artifacts or grain clusters with low aspect
ratio are rejected by a form of cancellation
similar to that used to eliminate radar ground
clutter. The duration and continuity of the
canceller output signal is then screened to pass
signals characteristic of straight tracks with
close grain spacing.

Statistics for the automatic scanner are
given and compared with those for existing
manual techniques. The maximum practical
scanning rate is estimated.

28.2. Multichannel Analyzer
for Time-of-Flight Experi-
ments

H. L. GARNER AND R. E. MILLER,
University of Michigan, Ann Ar-
bor, Mich. aND S. H. McMIL-
LAN AND R. R. GraHAM,
Strand Engineering Co.,

Ann Arbor, Mich.

The work described in this paper was car-
ried out as one portion of a program by the
Knolls Atomic Power Laboratory, Yale Uni-
versity, and Columbia University for the
Atomic Energy Commission. This program
required the development of instrumentation
for the collection of data on the velocity distri-
bution of neutrons. This instrumentation was
to provide a considerably higher resolution and
capacity than previously obtainable.

A cathode-ray tube monitor permits visual
examination of the accumulated count of
selected groups of channels while the experi-
ment is in progress.

The output unit operates a standard com-
mercial card punch which permits analysis by
general purpose computers.

28.3. 0.1-Microsecond, 2000-Chan-
nel, Electrostatic Storage System
for Time-of-Flight
Experiments

* Sponsored by the Professional Group on Nuclear
Science. To be published in Part 9 of the 1957 IRE
CONVENTION RECORD.
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J. HauN, Dept. of Physics, Co-
lumbia University, New York,
N. Y.

An instrument has been developed for meas-
uring neutron time-of-flight which has 2000
discrete time channels, each having a width of
0.1 microsecond, A temporary electrostatic
storage is used in conjunction with a magnetic
drum memory. Neutrons initiated by a cyclo-
tron burst, which occurs at approximately a
60-cps rate, are detected after traversing a
fixed flight path, and their times of arrival are
stored in the electrostatic memory. Before the
next burst occurs the stored information is
read into the drum, and the storage tube is
cleared. This paper describes the electrostatic
storage system and circuitry. The major system
blocks which are discussed are: the 10-mc pulsed
oscillator and clock pulse generator; the “clock-
stopper” or staticizer; the fast carry flip-flop
deflection circuit drivers: the current adder
stairstep deflection generators, and the storage
tube.

28.4. New Double-Line
Linear Amplifier

G. G. KeLLEY, Oak Ridge Na-
tional Lab., Oak Ridge, Tenn.

A new amplifier has been developed for
scintillation spectrometry; it has overload
characteristics suitable for use with very large
detectors. This amplifier, called the A-8, re-
covers from a 4000-times overload signal in
about 8 usec. There is no positive base line ex-
cursion after the main pulse. It uses the double
delay line differentiation principle, has a gain
of 13,500 in the main amplifier, and an extra
factor of 1, 3, or 10 in the preamplifier. The gain
control range is by factors of 2 over a total
range of 64. Rise time is about 0.18 usec. The
output stage is capable of driving a 1000-ohm
load to greater than 100 volts in both direc-
tions, The power requirement is about the same
as for an A-1 amplifier.

28.5. Radioisotope Thermo-
electric Generator

J. L. Briges, Rome Air Develop-
ment Center, Griffiss Air
Force Base, N. Y.

Recent advances in the field of solid-state
physics have greatly enhanced the possibility
of developing a practical thermoelectric genera-
tor for power supply electronic equipments.
The possibility of utilizing an efficient thermo-
pile driven by decay energy derived from iso-
topes is suggested. The course of development
of this device at RADC will encompass three
problem areas: 1) geometry and packaging
of radioisotope thermal source; 2) development
of efficient thermopile, and 3) consideration of
circuits best suited to this type of power
supply.

SESSION 29*

10:00 A.M.-12:30 P.M.

WALDORF-ASTORIA
SERT ROOM

* Sponsored by the Professional Group on Circuit
Theory. To be published in Part 2 of the 1957 IRE
CONVENTION RECORD.

WED.
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Circuit Theory I—Symposium
on Modern Methods in
Network Theory

Chairman: S. DARLINGTON, Bell
Telephone Labs., Murray
Hill, N. J.

The first half of the Symposium consists of
three invited papers, each concerned with one
of three branches of network theory in which
much work is currently being done. These
papers by recognized experts in the field will
attempt to survey the present state of the art
in each area and lead into some of the problems
under investigation at present.

The second half will be a panel discussion
in which the three previous speakers will be
joined by B. J. Dasher (Georgia Inst. Tech.),
M. S. Corrington (RCA, Camden), E. S. Kuh
(Univ. of California), A. D. Fialkow (Brooklyn
Polytech, Inst.), and H. J. Carlin (Brooklyn
Polytech. Inst.}. The panel will discuss some of
the current problems in network theory, the
progress being made in them, and the need for
future studies.

29.1. Synthesis Techniques
and Active Networks

J. G. LinviL, Stanford Uni-
versity, Stanford, Calif.

Synthesis theory for passive networks, asan
aid in conception, neatly separates the possible
from the impassible; as a practical technique of
network design the theory is useful since paper
designs lead to good laboratory designs. With
respect to active networks the same two paral-
lel aspects, theoretical implications and practi-
cal techniques, emerge but assume different im-
portance.

The realm of theoretical possibilities is
expanded when an active element in the form
of an ideal amplifier, a negative resistance, or a
negative impedance converter is introduced.
With the introduction of active elements one
can eliminate one kind of reactance without loss
of generality, can compensate for incidental
lossiness in reactors, and can incorporate power
amplification into the network.

Practical considerations introduce a new
dimension into active network design. This
new dimension arises through the fact that
characteristics of active elements are more in-
clined to drift with time and environment
than passive elements. The designer must eval-
uate sensitivity of performance to changes in
active elements and design structures which
are maximally tolerant of variations in ele-
ments, Some preliminary guides can be given
but many interesting problems are yet to be
solved.

29.2. The Frequency-Time
Representation of Signals
Using Natural
Components

W. H. HuGGINSs, The Johns Hop-
kins University, Baltimore, Md.

A wide class ot signal representations are
characterized by a resolution into components
k(1; \) invalving a single parameter A. accord-
ing to the form

w(t) = X, k(t; VUM
A
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where U(N) is the signal spectrum as a function
of X. For representation in the “frequency
domain,” k(t; N)=exp (M) for >0, all com-
ponents have the same epoch at t=0, and each
component has a different waveform that de-
pends upon the “frequency” parameter A.
On the other hand, for “time-domain” repre-
sentation used in sampled-data systems, k{t;
A) =A(—MN), where A is some interpolating
function such as the cardinal function, all
components have the same waveform A(r) and
cach component has a different epoch that de-
pends upon the sampling instant A.

Since a “frequency” representation always
implies at least one epoch, and a “time” repre-
sentation always implies at least one compo-
nent waveform, “frequency” and “time” are
inseparable attributes of a signal representa-
tion. A more general, and often simpler and
more meaningful, representation involving
multiple frequencies and multiple epochs may
be written as

uw(t) = Z Ajnfi(t = 1)
ik

where fi(r)=exp (A\jr) are damped natural
exponential components that vanish for r<0.
Because these components decay to zero with
the passage of time they permit a concise and
physically meaningful definition of a time-
varying spectrum. The problem of approxi-
mating a given signal with an expression of
this sort is discussed and the design of a signal
analyzer capable of measuring the parameters
{A;x} is described.

29.3. Signal Flow Graph and
How to Avoid Them

S. J. MAsON, Massachusetts
Institute of Technology,
Cambridge, Mass.

Signal flow graph topology and network
topology are both useful in linear electronic
circuit analysis. Flow graphs lend themselves
niost easily to circuits principally composed
of unilateral clements whereas classical net-
work-topological methods are applicable to
circuits containing only reciprocal elements.
By a very simple modification the classical
topological rules for reciprocal branch network
analysis can be adapted to circuits containing
nonreciprocal clements, thereby permitting
clectronic circuit models to be analyzed by
inspection and without flow graphs.
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C. W. RANDLE, Booz, Allen,
and Hamilton, Chicago, Ili.

The growth and increasing importance of
engineering, in combination with the shortage
of engineers and the general shortage of man-
agement talent, have increased the desirability
of defining engineering management selection
standards and measuring engineers against
these standards. The characteristics of the
engineer vs the characteristics of the manager
will be discussed and their differences, as well as
their common characteristics, will be brought
out.

30.2. The Art of Human
Relations: Manipulation
or Motivation?

A. LEVENSTEIN, Research
Institute of America,
New York, N. Y.

The shortage of personnel calls for action,
even where there is no prospect of increasing
the number of people available. The answer
may very well be not more people, but better
people at work. Under present circumstances,
human relations in industry become critical,
more important than ever. Unfortunately, this
relatively new approach to urgent problems
is being seriously weakened by those who be-
lieve that manipulative devices can be effective.
They can’t. Better human performance de-
pends on 1) developing new management atti-
tudes, 2) working out means of communicating
those attitudes, and 3) initiAting programs of
motivation that genuinely identify the areas
of mutual interest for all involved in the pro-
duction process.

30.3. The Art of Delegation of
Authority

\W. J. E. Crissv, Personnel De-
velopment, Inc., New York, N. Y.

It is axiomatic in management theory and
practice that: 1) responsibility inheres in the
individual; 2) responsibility cannot be shared;
3) responsibility cannot be delegated, and 4)
authority must be commensurate with respon-
sibility if objectives are to be reached. In your
business or mine, this means that the head of
the company is fundamentally responsible,
for better or worse, in all matters, yet obviously
the head of a business cannot do everything
himself. If he could there would be no need for
other people.

An examination of these axioms from the
psychological standpoint leads us to many
ramifications which in toto reflect themselves
in the “climate” that exists within the business
and the reputation it has in the eyes of its
various publics. Specifically, let us examine
the dynamics of delegation from the standpoint
first of the delegator, and second, the delegate,
This separation you will recognize as arbitrary
since every executive at whatever level, except
the top, holds these two roles simultaneously.

The job assignment of every executive calls
for planning, seeing, doing, and measuring ac-
tivities. At the top echelons of management,
the demands are mostly for planning and meas-
uring. In the middle echelons, the demands are
mostly for seeing and measuring and at the
first level of supervision for seeing, doing, and
measuring. Delegation is tied most intimately
to seeing or supervising activities though, of
course, antecedent planning activity must take
place.
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Now let us examine why proper delegation
is difficult to achieve. First, not all executives
have the temperamental make-up needed for
delegation. For example, executive insecurity
begets a desire to know exactly what every
delegate is doing. Then too, executives some-
times view themselves as indispensable—“the
whole show.” This prevents them from allow-
ing those working for them to be recognized.
Second, the intellectual make-up of the indi-
vidual may make delegation difficult. He may
not honestly see the need for extending author-
ity down the line. He may see himself as the
“expert knower.” Third, lack of requisite com-
munications skill may prevent the executive
from delegating. He knows how to do the job
himself but cannot communicate what to do
and how to do it to others.

Similarly, viewing this from the delegate’s
standpoint, some people are loath to assume
responsibility and find it more secure to clear
decisions up the line. Also delegates may not
fully understand what is expected and yet are
loath to reveal their ignorance. Finally, it is
often difficult to straighten out communications
on complex assignments and the delegator has
one view but the deleg