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Tue cover—Resting on a finger at the right is a tiny cryotron, a super-

conductive computer switching clement. The impact of this and other
new solid-state devices on future circuitry is l\'[)lﬁ(‘d by the “Mcq.l-
coder” on the left, an experimental decoding device for'a pocket-size
radio paging system which can select one of over a million coded signals
on the sime wavelength. This array of transistors, ferrite cores, and
other clements, einbedded in plastic and mounted on a printed wiring
board, is a first step towards the eventual development of components
which’ will combine in a smgle solid the functions of many components
and wires, as discussed in the review of future solid-state circuits on
page 1463.

Cryotron photo—Arthur D. Little, Inc.
“Megacoder” photo-—-RCA Laboratories
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Scanning the Issue

Engineering Education: A View Ahead (Ryvder, p. 1459)
In this age of rapid scientific progress, unless our educational
system goes much further in teaching engineering as a science
and less as an art, the engineer of the future will be left with
a training that will become obsolete as rapidly as the par-
ticular devices and practices he learned about in college. The
engineering curriculum of the future, says this noted educator,
must have as its primary objective the study of the funda-
mental sciences of nature: the teaching of “hardware” should
be left largely to the industrial employer. If this timely warn-
ing is not heeded, new fields of engineering will fall by default
to better equipped professionals in other fields of science.

Future Circuit Aspects of Solid-State Phenomena (Ilerold,
p. 1463)—The host of solid-state developments of the past
decade have already changed the basic character and behavior
of many present-day circuits, Just how far-reaching these
changes will be in the future is set forth in this stimulating re-
view of the newest solid-state device ideas now under con-
sideration and development. Among the topies considered are
superconductivity, molecular amplification, magnetic effects
in semiconductors, and nonlinear capacitance in junctions.
The author describes, in a manner that will appeal to all
readers, the basis of operation of several new devices utilizing
these phenomena, and points out a number of intriguing possi-
bilities for future applications. Especially significant is the
author’s suggestion of employing controlled inhomogeneity in
solid-state devices of all types to produce totally new circuit
elements which combine in one solid the functions of many
present components and associated wiring.

High-Frequency Semiconductor Spacistor Tetrodes (Statz,
et al, p. 1475)—This paper presents the first full technical de-
scription of an important new type of semiconductor device
which received considerable public attention when it was
announced last summer. lLike the depletion layer transistor
discussed here last month, the hasic idea is to inject electrons
into the high-field space-charge region of a reverse-biased
junction to obtain shorter transit times and higher operating
frequencies. This device is distinguished by having two con-
tacts in the space-charge region: an injection contact and a
second contact which modulates the injection current. The
result is a device that offers not only important improvements
in high-frequency response but also many of the attractive
features of a vacuum tube, especially with regard to high in-
put and output impedance and very low coupling between in-
put and output circuits.

The Utilization of Domain Wall Viscosity in Data-Handling
Devices (Newhouse, p. 1484)—Some new and potentially im-
portant observations are reported on the hehavior of magnetic
materials when subjected to extremely short pulses in the
millimicrosecond region. It has heen discovered that magne-
tizing pulses much larger than the normal limit can be applied
without permanently changing the state of magnetization of a
material, provided the pulses are short enough. This phe-
nomenon is explained in terms of the elasticity and viscosity
of the walls of the magnetic domains in the material, and is
shown to offer much-improved methods for very high speed
switching and for nondestructive read-out of storage devices.

IRE Standards on Reference Designations for Electrical
and Electronic Equipment (p. 1493)—This Standard, a re-
vision of a previous one issued in 1949, establishes the methods
of designating some 200 kinds of components and parts on
diagrams, parts lists, and on the equipment itself, in a manner
compatible with existing military standards.

Design of Transistor Regulated Power Supplies (Middle
brook, p. 1302)—A new form of transistor series regulated
power supply is presented which boasts an extremely low
output resistance, excellent transient response to sudden

changes in load, and vet simple and cconomical circuitry. The
design will find widespread application to high-current low
voltage power supplies such as arc employed in a wide variety
of laboratory equipment.

A New Technique in Ferrite Phase Shifting for Beam Scan-
ning of Microwave Antennas (Reggia and Spencer, p. 15310)—
This paper discloses a new design for a phase skifter which af
fords a simple electrical means of heam scanning with a sta-
tionary antenna at N-band frequencies. By placing a small
ferrite rod inside a rectangular waveguide and subjeeting it
to a longitudinal de magnetic field, phase shifis in excess of
300° per inch can he obtained with relatively small applied
frelds. If the phase shifter is placed in one arm of a two-clement
antenna, the direction of the antenna beam cau be varied by
small changes of control current. Because of its simplicity,
small size and light weight, this development promises to be
very useful for rapid-scanning antennas.

Slalom Focusing (Cook, et al, p. 1517)—An ingenious
method is proposed for clectrostatically focusing high density
clectron beams hy which a sheet-shaped bheam is made to
weave sinusoidally through an array of positive rods or wires
placed midway between two negative plates. In addition to
providing a unique type of focusing scheme for traveling-
wave devices, the arrangement may find application in beam
switching devices; if one of the center wires is driven negative
the course of the beam will he altered. Moreover, if two wires
are driven negative, the portion of the heam Dhetween them
can be trapped and made to slalom back and forth for a time
until released, thus suggesting a new type of storage device.

Biperiodic Electrostatic Focusing for High-Density Elec-
tron Beams (Chang, p. 1522)—This is the second paper in this
issue to deal with electrostatic focusing of high-density beams.
The subject is significant because the extremely large forces
required to focus a high-density beam have not heretofore
been realizable by electrostatic methods, and clectrostatic
svstems have thus been confined to low-density applications.
This paper presents a noteworthy solution to the problem by
cemploying two periodie fields, counteracting each other, in-
stead of only one field. The fields are produced by two periodic
structures that are coaxial to cach other, with the hollow elec-
tron beam flowing hetween them.

The Equalization of Base-Band Noise in Multichannel
FM Radio Systems (Parry, p. 1327)—Noise which falls in the
channels of a multichannel fm radio system increases with
frequency. Cousequently, the noise is greatest in the upper
channels. In order to redistribute this noise more evenly
among the channels, pre-emphasis and de-emphasis networks
are commonly employed to emphasize the higher-frequency
transmissions. This paper presents an excellent analysis of the
effects of these equalizing networks on signal-to-noise im
provement, and provides a practical method of adjusting a
system having these networks for maximum improvement.

Theory of a Wide-Gap Emitter for Transistors (Krocmer,
p. 1535)—This paper points out that a significant increase in
the performance capabilities of transistors is possible by using
an emitter material with a higher energy-band gap than the
base material. The greater activation energy that results
causes an improvement in the injection efficiency of the emit-
ter; which in turn prevents a fall-off of the current amplifica-
tion factor at high current levels. Equally important, it re-
duces the amount of emitter doping usually required, resulting
in a much lower emitter capacitance. Thiseffect can be utilized
cither to increase frequency range or power capabilities.

Shot Noise in Transistors (Hanson and var der Zicl, p.
1538)—This clear, well written account presents experimental
verification of a previously published and important theory
that describes the generation of noise in transistors.
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Poles and Zeros

Solid. 3. \W. Herold has prepared, as one of a series
of invited reviews, a paper (this issue, p. 1463) which
brings together two traditionally separate subjects in
electronic technology. circuit concepts. and the physical
properties of solids. Ed IHerold has spent over thirty
years in the vacuum tube arts (his second job was with
E. T. Cunningham) and he has been in the thick of
clectron tube development throughout that time. e
was, thercfore, an engineer who had some mental habits
to rearrange when the transistor and its cousins came
along. He has negotiated the transition with conspicu-
ous success, as his paper shows.

He says this of the future of solid-state devices: “\We
may look forward to the day when the synthesis of an
improved compound, its technology of use, or the dis-
covery of a new effect in solid materials can do more to
revolutionize the performance of an electric circuit than
all the classic ingenuity of the circuit designer.” The
paper explains from first principles such effects as super-
conductivity, molecular resonance, the Hall effect, de-
pletion in semiconductor junctions and charge carriage
in crystal lattices, and it relates these phenomena to the
remarkable circuit properties of gyrators, masers, semi-
conductor capacitors, drift transistors, and other latter-
day devices which are radically changing the course of
clectronics. Since the paper is not only authoritative
and comprehensive, but also highly readable, we com-
mend it to all PROCEEDINGS readers.

Backtalk. Passed on herewith is an account of conversa-
tions held at the M.I.T. Lincoln Laboratory between
the TX-2 electronic computer and Mr. Jack Gilmore.
The TX-2 machine has a 2§ million-bit internal high-
speed memory in which it is feasible to store standard
inquiries and responses concerning the current state of a
program or computation. It was a simple, if somewhat
frightening, step to arrange these questions and answers
to print in plain English on the eclectric typewriter,
rather than in the more usual (and admittedly more
efficient) numeric or mnemonic code symbols. Mr.
Gilmore is thereby able to commune with the machine
in a manner calculated to astound the uninitiated on-
looker.

LExample: Mr. Gilmore types in the word “prince.”

This brings into play a standard utility printout pro-
gram and the machine responds, “Do you want the
vertical column layout?” Gilmore chides the machine
gently with “Be brief.” The machine responds equably,
“Yes sir” and waits for the answer to its question. Gil-
more answers “No.” The machine then asks (briefly, as
advised) the relevant questions for the printout and
receives answers: TX-2 Instructions? / Gilmore No /
TX-2 First? (what is the first memory register to be
printed?) / Gilmore 2 / TX-2 Last? (what is the last
memory register to be printed?) / Gimore 7 / TX-2 15
740000 626600 740000 200015 200013 (the contents of
the requested registers) / TX-2 More? / Gilmore No /
TX-2 Finished.

Mr. Gilmore is talking to himself, of course, since he

set up the utility program in the machine in the first
place, and he couldn’t afford much of this plain language
business if customers were lined up waiting to use the
computer. But, for all that, it’s not mere whimsy. Much
communication is thus stylized (including many an in-
quiry from engineering to accounting). It is, we think,
highly significant that expert programmers like Gilmore
and his associates find that such direct “on-line” coni-
munication with the machine is a valid technique for
testing programs and machine operations under many
conditions. This effort at Lincoln is, as \W. N. Papian
has advised us, “part of a serious long-term effort toward
improving one of the weak areas in the digital-computer
field, the man-machine relationship.” For all this
worthy purpose, we won't be surprised if one of these
days TX-2 gets mad and tells Gilmore off, at length,
when advised to “be brief.”"—D.G.I.
Sputnik. On the assumption that the Russian earth
satellite will still De with us, at least in memory if
not in substance, when this issue reaches the member-
ship, we have hastily inserted two letters to the editor
on the subject. They report the first results of attempts
to determine the satellite’s velocity, altitude, and path
by radio and radar observations during the weck follow-
ing its appearance on October 4. We trust that our
interest in these early reports on Sputnik’s peregrina-
tions, and on the use of the tools of our trade to decipher
them, will be shared by our readers.—LE.K.G.
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W. R. G. Baker

TREASURER, 1937

Walter R. (5. Baker was born November 30, 1892 in
Lockport, N. Y. He received his bachelor’s degree in
1916 and his master’s degree in 1918, hoth from Union
College. lLater in 1935 that same institution presented
him with an honorary Doctor of Science degree, and in
1951 Syracuse University honored him with a Doctor
of Engineering degree.

Dr. Baker joined General Electric’s Research Labora-
tory in 1917 and forthwith became engaged in the de-
velopment and testing of radio apparatus for military
mobile vehicles. In 1924 he assumed the responsibility
for the design of all radio products and in 1926 he was
given complete charge of development, design and pro-
duction. He oversaw the design of the pioneer broad-
casting stations KOA in Denver, KGO in Oakland, and
WGY and the radio developmental laberatory in
Schenectady. The latter maintained communications
with the early Byrd Antarctic expeditions.

When RCA was founded in 1929, Dr. Baker joined
its staff. He became head of its production and later its
vice-president of engineering and manufacturing.

In 1935 when General Electric renewed radio-
receiver activities in Bridgeport, Conn., Dr. Baker re-
turned to the company. He became managing engineer
in 1936, and in May, 1939 he was named manager of
General Electric’s radio and television department.

In October, 1941, Dr. Baker was elected a vice-
president and his departments were fused into the Elec-
tronics Department which produces radio, radar, tele-
vision and similar electronics equipment. The present
Illectronics Park at Syracuse, N. Y. is the culmination
of Dr. Baker's dream. He has been serving as vice-
president and consultant to C. W. LaPierre, executive

vice-president of the Electronie, Atomic and Defense
Systems Greup.

Under Dr. Baker’s chairmanship of the first National
Television System Comunittee, standards for mono-
chrome telecasting were developed, recommended and
adopted by the Federal Communications Commission,
and his leadership of the second NTSC resulted in the
development of its proposed color television standards.
Under his supervision as chairman of the Radio Techni-
cal Planning Board, recommendations for frequency
allocations cf all breadcasting services were formulated.

In 1953 the U. S. Army presented Dr. Baker with its
Medal of Freedom for his application of electronics to
Army research and development problems. The Elec-
tronics Industries Association (formerly the Radio-
Elcctronics-Television Manufacturers' Association) be-
stowed its Medal of Honor upon him during the same
vear. le is now president of the EIA.

Dr. Baker became an Associate of the IRE in 1919
and a Fellow in 1928. He has been an IRE Director for
the past eleven years, President in 1947, and Treasurer
since 1931, He has served on a host of IRE and technical
committees, and he is the present chairman of the Pro-
fessional Groups Committee. He was chairman of the
Philadelphia Section in 1930--31, and secretary of the
Cannecticut Valley Section from 1938 to 1940. From
1948 to 1952 he also served as IRE Representative on
the ASME Glossary Review Board.

The IRE has rewarded his activities with the award
of its Medal of Honor, given in 1952. He will be further
honored at the annual banquet of the IRE National
Convention next March, when he will be presented with
the IRE Founders Award.

Novemmber

&
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Engineering Education: A View Ahead”

JOHN D. RYDERT, FELLOW, IRE

Summary—The forces acting on engineering education are dis-
cussed, and it is shown that all these seem to point to a need for
further movement away from technician training, and toward much
further study of the fundamental sciences of nature in the education
of all engineers for the future years. The place of mathematics in a
computer age is also reviewed, and it is mentioned that the impor-
tance of the ‘‘physical model” decreases as the use of mathematics
increases.

A simplification of the definition of engineering is proposed
which places emphasis on the separation of science and art, showing
the former to be the duty of a university, the latter of the industrial
employer. The basis for an electrical engineering curriculum to treat
the subject as a science is outlined and discussed as now being ap-
plied at one school.

' HE IMPACT of electronics, nucleonics, and other
Tnew growth fields on engineering education has

been a major factor in indicating some of the
shortcomings of past educational practices and in point-
ing out the necessity for study of a future path which
might be followed by technical education. Terman [1]
previously discussed these effects and the necessity for
clarification of our educational objectives. This paper is
an attempt to rationalize some of the trends and to
present a plan which, it is hoped, looks well into the
future of engineering education.

In all that follows, it is only the technical aspects of
the program which are being considered. It is assumed
that the broader social aspects will also be investigated,
made consistent with the general plan, and certainly
not recduced in scope or magnitude.

THE TREND IN ENGINEERING EDUCATION

Engineering education probably began about the
middle of the eighteenth century with the training of
apprentices by the early builders of roads and steam
engines. I'rom this early beginning, in training for what
was then a trade, has come our modern system of engi-
neering education, exemplified by the engineering
schools of the United States.

Among the early apprentices were a few who stocd
out from their fellows and were curious as to the “why”
behind the devices, niethods, and materials which they
were using. These men learned from the work of the
carly phvsical and chemical investigators and added
their own discoveries, so that through the nineteenth
century the most curious individuals of each generation
added to the store of knowledge. They learned why the
carly rule of thumb or empiricism worked, and gradually
progressed to the development of a considerable knowl-

* Original manuscript received by the IR, July 22, 1957; revised
manuscript received, August 28, 1957,
t Dean of Eng., Michigan State University, East Lansing, Mich.

edge of basic scientific fact as it exists on this earth.
This trend to fundamental scientific fact has continued
and accelerated throughout the whole lifetime of engi-
neering education.

BREADTH OF THE FIELD

The movement from the elements of a tradesman’s
knowledge to those of a scientist has been augmented
since the last war by a realization of the tremendous
breadth of opportunity existing to graduating engineers
in the modern scientific age. Added to this is a realiza-
tion that knowledge, based on purely temporal devices,
may be of little value unless it is truly basic in its con-
cern with our phvsical world. It is no longer practical or
intellectually honest to prepare narrowly a graduate of
a university for a specific field of work, because during
this graduate’s lifetime the field of work may become
obsolete. This is well demonstrated by much engineering
training of the early part of this century which was
based on the steam engine. It may not be too far afield
to assume that training based on the steam turbine may
likewise be shown as obsolete in an age already con-
cerned with jets and rockets. In fact, we may be in the
last century of the life of the steam turbine since some
developments of the nuclear engineering field hold con-
siderable promise for the future attainment of electrical
energy directly from the atomic nucleus. Certainly with
only the presently available fuel resources of the earth,
we cannot afford much longer the tremendous waste in-
herent in our use of the heat cycle. In any case, it is this
continuing and rapid progress into new fields, and the
utilization of new devices, that makes dangerous the
education of our present engineering graduates in terms
of the things or the “hardware” of the present or past.

In a day when our economy was based largely on raw
materials and their production, the engineering student
could be narrowly trained to the relatively few jobs
available in such an economy. Today, with an economy
based on manufactured goods, and with the variety of
fields and the difficulty of problems much enhanced, it
is no longer possible to predict safely that a given gradu-
ate will work in a given narrow field. For instance, in the
1920's an electrical engineering graduate was faced
with the prospect of preparing for ultimate work in the
ficld of electrical or communication utilities, electrical
machinery, and to an extremely limited extent, radio
recetvers and transmitters. Today, these fields still
exist, but in terms of engineering employment are far
exceeded by the fields of electronics, including radar
navigation, computers, feedback control and system de-
sign, solid-state electronics, nuclear engineering, and the
like. A narrow program could certainly be justified in
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1920 because the graduates were headed for work very
largely in the production of the raw materials of the
electrical industry. Today, it is extremely difficult to see
how any form of an applied program could be suited to
the breadth of the field. Similar breadth is apparent in
most of our other engineering instructional fields as well.

CoMpPETITION BETWEEN FIELDS IN
SCIENCE AND [ENGINEERING

There is another factor also working in this same di-
rection, but it has not been so apparent. This is the
competition between existing fields of science and engi-
neering. This competition is very real and of the
roughest dog-cat-dog sort. If your portion of the pro-
fession does not do a really good fundamental job of
solving its problems, someone else from another field
may come along and do the work for you, because the
present state of activity in science and engineering is
not going to allow an important problem to remain long
unsolved. 1t individuals in their own portions of the pro-
fession are not prepared to find the solutions, then indi-
viduals from other scientific or engineering fields will
supply the answers. This threatens a high rate of ob-
solescence among ficlds of engineering which are not
prepared to solve their fundamental scientific problems
and to move into the new areas of knowledge as they are
discovered,

Several fields can be cited as examples of this, one of
them certainly being that of mining engineering, which
now represents a minor field in engineering education.
In the carly days, the ore deposits were casy to find on
the surface of the earth, and the mineral compounds
were relatively easy to break. Later, as the surface de-
posits were worked out, the geologist was called in and
aided in predicting where the ore or oil bodies might be
found. The purification of the more complex ores and the
petroleum products required help from the chemical
engineer or the metallurgist. For example, in the cight-
centh century, copper ores of less than 18 per cent cop-
per were considered impractical, today many areas are
working with copper ores of less than 1 per cent copper.
Much work in the field has been taken over by the
geologist, the metallurgist, and the chemical engineer,
and the relative importance of mining as an engineering
educational field has declined. Apparently someone else
has done a better job in solving the critical and complex
problems of today.

Sanitary engincering is a similar field, now reduced
to less than 20 graduates annually in the United States.
[ts problems have become more complex and are being
solved by the chemical engineer and the bacteriologist.
What may happen to a mechanical engineer trained in
the utilization of steam in an era of direct translation
from nuclear processes to clectricity?

The problems facing the engineer of tomorrow are
more difficult and complex than those faced by his
predecessors of 50 vears ago. The casy problems have
been solved and the work is at higher orders of difficulty.
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Design of steam generators working at 4500 pounds and
1100° temperature is certainly more of a challenge than
the design of a 200-pound, 450° boiler of a preceding
generation. The problems present in the design of an
airborne collision warning device for airplanes are of a
totally different order of magnitude from those involved
in the development of earlier forms of power-system
protective devices.

ENGINEERING SCIENCE, A Basis FOR THE FUTURE

In looking ahead, it first seems desirable to look back
and to recognize the significance of 1) the trend toward
more usage of the knowledge of the science of nature,
2) the breadth of the modern engineering field, and
3) the implications of the competition between the sci-
ences and the engineering fields. Engineering education
needs a common denominator to meet these challenges
and to shape itself for the future. Because of its con-
tinuance as a basic trend, because it seems to furnish a
satisfactory answer for technical education for a broad
field, and because it provides for meeting competition
from other fields, the fundamentals of physical science
as given to us by nature on this carth scem to be that
common denominator. Nature is not noted for the fre-
quency of reversals of such long-time trends, whereas
man-made applications or particular devices and meth-
ods are very likely to change in the future. Thus it
seems a safe assumption that the road of more and more
basic science is the highway along which engineering
education will progress in the future.

The question of what is “basic” in the training in
science is a natural one. The engineering field is a broad
continuous spectrum of knowledge, which spans the
field of the electrical engineer on one hand, thirough the
other fields of the mechanical, chemical, and netallurgi-
cal engineer, to that of the civil engineer dealing in con-
struction or the industrial engineer working with auto-
mation problems.

It is difficult to see any group of physical science
areas as broadly necessary and basic for all, and it may
be more important to study certain science areas in
depth than to study all areas in breadth. The use of the
scientific rather than the applicational viewpoint may
give a greater gain than mere coverage of arca. \We
should not overlook our basic energies and modern con-
cepts of materials, but we also should not be preoccupied
with things or “hardware” as against ideas and informa-
tion. The latter areas open up the possibility of extend-
ing man’s mind, and are exemplified in all engineering
fields by aspects of communication, computation, and
control. These areas may well furnish the major impetus
in the next great step in the evolution of our civilization.
Can we overlook the science areas fundamental to them?

Is MATHEMATICS A "UNDAMENTAL?

It seems generally accepted that mathematics is a
true fundamental of all engineering education, and in
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most schools all engineering students do take the same
mathematics sequence. However, even here, as a student
becomes more advanced, it is found that no one mathe-
matical area can ideally suit the requirements of all
engineering work.

This situation is a result of our trying to use mathe-
matics to fit the physical world as we find it. As has been
pointed out, the early engineers were little better than
mechanics and certainly knew little mathematics. As a
substitute, the accent was on observation of the physical
model or actual system as a means of study and under-
standing. Thus came the early emphasis on engineering
laboratory, or having “things” there which the student
could “see.”

As the mathematical training of the engineer has in-
creased, he has found that mathematical prediction and
analysis is a faster and much cheaper means of gaining
new knowledge and understanding of our world. Thus
he has learned to place more reliance on mathematics
and has reduced his usage of the physical model and of
the laboratory. This statement, however, applies only
to those areas in which mathematics has been developed
which will yield answers, the end result of engineering
thinking.

Two arcas of mathematics secem broadly basic to en-
gineering; namely, the calculus as used in the linear con-
stant-coefficient differential equation and the partial
differential equation, and statistical theory. The linear
differential equation is a general form, useful in engi-
neering because we can obtain answers from it. There-
fore, where this form applies to the physical world, the
use of mathematical prediction is increasing over the
experimental approach. Next is the arca of the partial
differential equation, rigorously solvable in onty a few
special cases although approximation methods exist.
Here the laboratory must still be depended upon for
many solutions where analytic methods are not yet fully
available.

~ These types are suited to continuous variables, or at
least finitely discontinuous ones, and thus mathematics
based on these forms is fundamental to those areas of
engineering where variables of continuity occur, such as
in electricity and hydraulics.

Where the variables occur in discrete packages, as in
traffic or in production, or probably in any field in which
the human factor is evident, the basic mathematics
must recognize this lack of continuity, and the funda-
mental mathematical form is of statistical nature. Thus
the basic mathematics for electrical engineering, much
of mechanical and chemical engineering and related
fields, may not be entirely the same as that basic for
much of civil engineering or the human related fields.
(Information here appears as human related!)

No question is raised here of the necessity for educa-
tion of the engineer in mathematics suited to both con-
tinuous and discontinuous variables. Mathematics as a
training in sound scientific reasoning alone amply justi-
fies its place as an engineering fundamental. Its applica-
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tions to engineering problems represent further justifi-
cation. However, the realization that there is a differ-
ence in the form of mathematics the engineer may use,
in practice in various fiekls, seems to accentuate the
point that the physical knowledge he will use will also
differ, and that no list of over-all basic physical sciences
can really be suggested with much hope of satisfying the
needs for all tvpes of work. He should be taught the
basic knowledge needed for his field, and through suft-
cient mathematical training, he should be able to acquire
additional breadth as needed.

WinAT IS ENGINEERING [EDUCATION?

The above is intended to emphasize that the future
duty of engineering education is the teaching of the
science of nature in considerable depth rather than in an
over-all coverage of all physical science. To further the
understanding of this duty, it appears desirable to
modify and simplify one of the definitions of engineer-
ing. This modified definition may be stated as: “fingi-
neering is the science and art concerned with the utilization
of materials, energy, and men.” This adds nothing funda-
mentally new, but by the removal of modifying adjec-
tives, is offered as a clearer statement of purpose, es-
pecially for the engineering educator.

First, it retains the broad field of materials and phe-
nomena found in nature, which have always been the
areas of interest to the engineer, and it elevates the
management of men in engineering concerns to an equal
position, certainly a move justified by the increasing
importance of engincers in modern management of in-
dustrial organizations.

Second, and of much more importance to the engi-
neering educator, it emphasizes that engineering is both
a science and an art. An art teaches “how to do” through
qualitative understanding and past experience, whereas
a science teaches “why” through mathematical correla-
tion and physical models. If it is asked which of these
should be the duty of the university, it appears unques-
tioned that the teaching of science should be given first
importance in our educational pattern. Universities were
originally organized and set up to conserve and dissemi-
nate knowledge. A science is a body of knowledge and
therefore it is appropriate that the engineering universi-
ties so conserve and disseminate engineering knowledge.
It is appropriate also by reason of the training and in-
terest of their staffs, and bv the fact that this places
engineering in a position which is consistent with the
other colleges on our campuses. If there is a job in the
education of the engineer for the engineering college,
this certainly must be part of it.

The art of engineering includes not only many aspects
known as skills, but also other methods of analysis or
short cuts in procedure, or the methods by which our
goods are manufactured. It is this area in which industry
is most interested and it is in industry that the arts of
engineering most often originate. Theyv are devetoped
on the frontier of our industrial progress and industry is
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on that frontier. Also, if the so-called arts of engineering
are to be treated in the university, it requires that the
faculty in the university be aware of the frontier prog-
ress in industry. All too often such people lose contact
upon joining a university, and therefore their teaching
is based upou dated procedures, sometimes back-dated
many years.

The above argument supports the proposition that
the education of an engineer should be split into two
parts, 1) the science which is definitely a duty of the
university, and 2) the arts which may best be taught in
industry, Under some circumstances the latter duty
may be shared with the university, which through its
off-campus activities can conduct its share of educating
within the profession for the arts of the profession. [t
seems extremely doubtful that the arts, concerned as
they are with the most recent advances, apparatus,
cquipment, or hardware, should be taught in any detail
upon the university campus, This is really a basic duty
of industry to be undertaken after the young engineer
chooses his own segment of the profession, since such
hardware teaching is always a narrowing process, possi-
bly too narrowing to be justified as part of a curriculum,
prior to the young graduate’s selection of his field of work.

Thus, the training in the many skills and arts of engi-
neering is made a responsibility of industry, where it can
be directed specifically to the methods, processes, and
practices of the particular employer. This seems well in
line with the desires of many industries, and with their
performance in setting up training courses and schools
for voung graduates.

It seems reasonable, then, to base an engineering
educational philosophy not only on engineering science,
but also on providing of time for better teaching of that
science by subjugating the teaching of applications or
hardware to a secondary position, to the end that at a
reasonably near date the applications may be almost
completely eliminated from the usual engineering cur-
riculum.

AN EXPERIMENT wITH THIs PHILOSOPHY

Numerous universities are experimenting with new
methods of engineering education, some pointing in this
same general direction. One such experiment in educa-
tional philosophy is being undertaken in electrical engi-
neering at NMichigan State University. As broad rules of
application of the philosophy, the following may be
stated. First, that the objective of the curriculum is the
teaching of engineering science. Second, that any teach-
ing of hardware, or apparatus, or application is second-
ary and is introduced purely to illustrate the basic sci-
ence theory; it is not an end in itself. The teaching of
such a field as an engineering science can rest on a de-
cision as to what areas of this science are important,
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interesting, and challenging. This represents a depar-
ture from past vears when a curriculum was based on
decisions as to what the student needed to hokl his first
job. It actually represents the use of a form of liberal
arts approach to the problem, in that we are asking only
what topics in the field will produce a well-rounded
engineer of the future.

The philosophy has been carried out by the selection
of network theory as the core, around which are added
mathematics, electronics, electromagnetic fields and cir-
cuits of distributed constants, and electrodynamic sys-
tems. The electrical portion of the curriculum consists of
only four course sequences and seems adequate for the
training of an electrical engineer for the needs of the
future.

The adoption of network theory as a core is the kev to
this program. This selection appears logical since if re-
quired, all of our known electrical phenomena and ideas
may be analyzed as circuits, and while the circuit idea
may not be employed in all cases, it is available when
nceded. Definitely employed is the philosophy that
basic material should be taught first and taught cor-
rectly in the circuits and networks course, with the tim-
ing such that it is ready for use whenever required in the
parallel sequences. This timing calls for a considerable
amount of cooperation among the staff and this in itself
is valuable. Through such cooperation and coordination
it appears possible to increase the efficiency of teaching
by a major amount, and to obtain a definite time gain
through teaching a topic once and teaching it corrrectly.
This gain, it already appears, may amount to as much as
one half of a scholastic vear.

As a corollary experiment, not bearing upon the ma-
jor premise, all laboratory work has been removed from
each of these courses. This work is accomplished in one
paralleling laboratory course in which integration of
ideas and material from these several courses is achieved
in an atmosphere of exploration. This in itself is turning
out to be extremely valuable in its enforced review of
both the philosophy and the achievement which is ob-
tainable in laboratory work.

Through application of this philosophy, it is believed
that graduates can be produced who are well oriented to
future needs in research, development, and systems de-
sign. It is hoped that graduates will have reached a level
of attainment well beyond that of the usual bachelor of
science degree, and that this will carry on into improved
graduate work, and greater personal success twenty or
more vears after graduation.
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Future Circuit Aspects of Solid-State Phenomena®
EDWARD W. HEROLDY, FELLOW, IRE

Summary——Future electric circuits will depend more and more
on new solid-state phenomena and on solid devices which perform
increasingly complex circuit functions. This paper discusses several
specific phenomena of interest to circuit and device engineers,
namely, superconductivity, molecular amplification, magnetic ef-
fects in semiconductors, and nonlinear capacitance in junctions. The
paper concludes with a presentation of the potential advantages of
controlled inhomogeneity in all types of solid-state devices. It is
indicated that, by departing from uniform, homogeneous materials,
it is possible to produce new effects and improved performance.
Ultimately, controlled inhomogeneity may lead to solid devices which
combine the functions of many conventional components and associ-
ated wiring.

| NTRODUCTION

N LECTRIC circuits were once largely confined to
the use of conductors, insulators, and magnetic
metals, in combination to produce inductors,
capacitors, and resistors, and dependent on the electron
tube for amplification and nonlinear effects. In the last
decade, a myriad of solid-state materials and effects
have been used to obtain gyrators, switching devices,
memory elements, amplifiers, electro-optic transducers,
and thermoelectric devices. \Ve may look forward to the
day when the chemical synthesis of an improved com-
pound, the technology of its use, and/or the discovery
of a new, useful effect in these solid materials, can do
more to revolutionize the performance of an electric
circuit than all the classic ingenuity of the circuit de-
signer. There will be a dependence on new solid ma-
terials and devices which will be even greater than the
circuit man’s earlier dependence on better and different
electron tubes to advance his art. Furthermore, the
trend toward a merging of circuit and device, which
started with microwave tubes, is now found in more
and more applications, at all frequencies.

A review of the solid-state phenomena which affect
electronic circuits must include such a wide variety of
subjects that completeness is hardly possible in a single
paper.

In Table I a partial list is given which indicates the
scope of the field. The present paper is concerned with
some selected topics from the column labelled “Electri-
cal Only.” A point of view is taken which is intended to
stimulate interest in several phenomena not yet widely
utilized by circuit and device engineers. Among the

* Original manuscript received by the 1RE, June 20, 1957; revised
manuscript received, July 23, 1957. Portions of this paper were pre-
sented at the Symposium on “The Role of Solid-State Phenomena in
Electric Circuits,” Polytechnic Institute of Brooklyn, Brooklyn,
N. Y.; April 23, 1957.

t RCA lLabs., Princeton, N. J.

topics considered are superconductivity,

molecular

amplification, magnetic effects in semiconductors, non-
linear capacitance, and last but not least, the utilization
of controlled inhomogeneity to extend the electrical
performance of known materials.

TABLE 1|
SoME SOLID-STATE PHENOMENA OF INTEREST IN CIRCUITS

Electrical Only

Energy Conversion

A. Conduction Processes
1) Normal Metals
2) Superconductors
3) Semiconductors
a) Thermistors
b) Junction Devices
c) Hall Effect Gyrators
4) Photoconductors

B. Dielectric Phenomena
1) Normal Dielectrics
2) Ferro-Electrics
a) Electrets
b) Modulators
c) Storage Devices

C. Magnetic Behaviors
1) Conventional Magnetic
Metals
2) Ferrites
a) Storage Devices
b) Gyrators
3) Other Spin Resonances,
Masers

. Mechanical—Electrical

1) Piezo-Electrical Effect
2) Electro-Striction

3) Magneto-Striction

4) Strain Effects

. Thermal—Electrical

1) Ohmic Heating
2) Thermoelectric Effects
a) Generation of Elec-
tricity
b) Heat Pumping and
Cooling

. Radiation—Electrical

1) Photo-Voltaic Effect

2) Electroluminescence
3) Recombination Processes
4) Particle Bombardment
a) X-Rays
b) Cathodoluminescence

CONDUCTION IN METALS

The conducting solids used in passive circuit elements
are usually copper, silver, gold, or aluminum. Their
conductivities differ from one another by considerably
less than an order of magnitude, and one may tend to
ignore this area of circuitry in thinking of solids. The
future, however, may see increasing use of low temper-
atures, both on the earth, by artificial cooling, and in
space, where low temperatures can be achieved quite
naturally. It is appropriate to examine both conven-
tional (i.e., normal) conductivity and superconductivity
to determine their potential utility in circuits.

Let us first consider the dc resistance of a nonsuper-
conducting metal, and a typical superconductor. Copper,
gold, and silver behave much alike, so we may look at
any one. There are more data available on gold, so it has
been chosen for illustration. The superconductors are
also somewhat alike but white tin has been studied so
extensively that it is here chosen for the typical super-
conductor. In Fig. 1 a log-log plot of the resistivity data
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Fig. 1—Resistivity of three samples of gold, and one of tin,
Vs teniperature.

reported by various investigators is shown."? Around
room temperature, the lattice scattering of the charge
carriers causes a linear dependence of resistivity with
temperature. In solid-state language, this is the region
in which 27 is greater than the phonon energy corre-
sponding to maximum lattice vibration frequency; the
temperature is said to be above the Debye temperature.?
Solid-state theory indicates that the resistivity should
be linear with temperature until, below the Debye tem-
perature, the lattice scattering begins to diminish rap-
idly and the resistivity then drops as the fifth power of
the temperature. Each charge carrier has a longer and
longer mean free path as the temperature drops, which
is of importance in skin effect at high frequencies, as we
shall see. In a perfect crystal lattice, the resistivity
should disappear at zero temperature. In practice, this
has not been found. Instead, one finds, in ordinary
metals, a low-temperature residue of resistance which
never disappears and, in superconductors, a disappear-
ance of all resistance at a temperature which is not zero.

Most ordinary metals show a residual resistance
which is about two to three orders of magnitude below
the room temperature value, but in the purest and most
perfect crystals, this can be lower. The gold sample, 4,
of Fig. 1, measured by Gruneisen in 1933, has the lowest
residue commonly quoted in the literature;i.e., six orders
of magnitude down, but this is rather exceptional; the
other two gold samples are more typical of gold and also
of copper and silver. The residual resistance has been
definitely linked with imperfections and dislocations in
the crystal lattice, and with impurities. The sample of
tin has a superconducting transition at about 3.7° K
and, below that temperature, its dc resistance is so low

! For a bibliography on normal conductivity, see D. K. C. Mac-
Donald, “Electrical Conductivity of Metals and Alloys at Low Tem-
perature,” in “Handbuch der Physik,” vol. 14, “Low Temperature
Physics 1,” Springer-Verlag, Berlin, Germany; 1956.

2 For a bibliography on superconductivity, see D. Shoenberg,
“Superconductivity,” Cambridge University Press, Cambridge, Eng.,
2nd ed.; 1952,

3 This is a temperature which when multiplied by the Boltz-
mann constant, gives the maximum phonon energy.
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as to defy measurement. This transition point and the
effects below the transition point are much less sensi-
tive to impurities and crvstal properties.

Let us now consider passive circuit effects and, pra-
ticularly, what happens with high-frequency alternat-
ing currents. The skin effect formula* indicates that
the skin depth of a conductor is given by

8 = 5000v/p/uf (cm)

where p is the resistivity in ohm-cm, u the relative per-
meability (u=1, for air), and f the frequency in cps. In
terms of the surface resistance, R,; i.e., the resistance of
a square piece of conducting surface, this may be written

R, = 2 X 10~*\/puf (ohms per square).

Both of these formulas would lead us to believe that the
hf resistance at low temperatures could be determined
by taking the square root of the dec values of Fig. 1.
Thus, gold sample 4, with its 6 orders of reduction of re-
sistance, might have 3 orders-of-magnitude reduction at
high frequency. Measurements fail to show this, and
for a very obvious reason. As the mean-free path of the
charge carriers begins to get longer and longer at low
temperatures, they soon get longer than the skin depth
and begin to hit the surface, which behaves as a scatter-
ing source of great potency. Known as the anomalous
skin effect, this scattering is found to greatly increase
the hf resistance of all normal metals at low temper-
atures.® In the gold sample A4, the bulk mean-free-path,
which is of the order of a millionth of an inch at room
temperature, becomes over half-an-inch at 4.2° K! As a
result, for normal metals, the hf resistance ar low tem-
peratures becomes quite independent of the bulk mean
free-path (which determined the dc resistance) and de-
pendent on the surface conditions.

In Fig. 2 data at 1200 mc of the surface resistance of
gold are shown. It is seen that the very best reduction
in resistance which is achieved is about 3 times, a long
way from the anticipated result! FFurthermore, it is
found that the high-frequency residual resistance is sub-
stantially independent of the dc resistance caused by
impurity and crystal imperfection scattering, and is
affected chiefly by surface smoothness and contamina-
tion. This surface resistance varies as the £ power of
the frequency, rather than the ¥ power of the conven-
tional skin effect. We conclude that low-temperature
operation of conventional normal metals will not be highly
advantageous at ac until either a surface condition, or a
technique of operation, can be devised which takes full

4F. E. Terman, “Radio Engineers’ Handbook,” McGraw-11ill
Book Co., Inc., New York, N. Y., pp. 34-35; 1943.

& A compreheusive survey and bibliography is contained in A. B.
Pippard, “Metallic Conduction at High Frequencies and Low Tem-
peratures,” in “Advances in Electronics and Electron Physics,”
Academic Press, New York, N. Y., vol. 6; 1951.
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advantage of long mean-free paths for the charge car-
riers. We also can see that no new nonsuperconducting
metal of lower ac resistance is likely to be achieved by
reduction of lattice scattering alone.® These conclusions
provide challenges to the solid-state physicist which we
may hope wiii not go unanswered.

The ac surface resistance of a superconductor behaves
quite differently from the normal conductor and is
much more advantageous to the circuit engineer.’ This
is particularly true if the temperature can be reduced
well below the transition point. For example, we sce in
Fig. 2 that tin at 2°K, has 3 orders of magnitude less
resistance at 1200 mc than our best room-temperature
conductors. The circuit man may indeed be tempted to
use such a behavior in specially important areas of his
ficld. His temptations will increase if thermoelectric
cooling can be emploved to assist the liquid-helium
methods, but this does not appear to be “just around the
corner.”

In Fig. 3 the frequency dependence of the ac resist-
ance of gold and tin is shown. It is clear that tin is very
advantageous, even at high microwave frequencies.

As a potential application, let us consider the short
doublet, or dipole, antenna. A half-wave dipole has a
radiation resistance of around 70 ohms, and a capture
cross section of about A?/8, where N is the wavelength.”
It is sometimes forgotten that an extremely short
dipole, much less than a half-wavelength, also has about
the same large capture cross section, and about the
same directivity pattern as the half-wave case.” Un-
fortunately, it has such a low radiation resistance [it
varies as (I/A)? where [ is the length and N\ the wave-
length], and such a high reactance, that it is difficult
to match it to a load without excessive ohmic losses.
However, if the high Q can be tolerated, it would seem

6 An exception is the case of high-temperature operation, i.c.,
temperatures well above the Debye temperature of conventional
metals. In such instances, the scattering is so great that it is conceiv-
able that substantial improvement would result from a new material,
even without an increase in the number of conduction clectrons.

7 Terman, op. cit,, pp. 787-791.
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Fig. 4—The cryotron, a superconductive amplifier at 4.2K.

possible to overcome ohmic loss by a superconductor.
In other words, a 100-mc¢ antenna an inch or so long is
potentially capable of as much interception or trans-
mission of narrow-band electromagnetic radiation as
the 5-foot half-wave dipole. With more complicated
arravs, it is (in theory) even possible to make highly
directive antennas of small over-all area. The problem
of matching a few milliohms of radiation resistance by
a superconducting transformer device will be left to the
engineers of the future. It will surely come sooner if
solid-state scientists can make a superconductor with a
somewhat higher transition temperature.

[t is now appropriate to discuss another application
of superconductivity which has been exciting computer
engineers recently, the crvotron.® This clever little de-
vice makes use of the fact that a magnetic field affects
the superconducting transition temperature. In Fig. 4
is shown in two ways how the transition temperature of
tantalum varies with magnetic fields. Niobium has a
much higher transition temperature and, therefore, will
be unaffected by fields which will change the tantalum

8 D. A. Buck, “The cryotron—a superconductive computer com-
ponent,” Proc. IRE, vol. 44, pp. 482-493; April, 1956.
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transition. Below the curves of transition temperature
shown in Fig. 4(b), the materials are superconducting:
above them they are “normal.” At 4.2°K, liquid helium
temperature, it is seen that an increase in magnetic field
will convert tantalum to its normal state, while leaving
niobium unaffected. A cryotron is made as in Fig. 4,
with a coil of fine niobium (Nb) wire around a small
tantalum (Ta) wire. The input is the current through
the Nb wire, which requires no voltage and hence no
power. The output is the voltage across the Ta wire.
As the control current is increased, at the critical mag-
netic ficld, the Ta begins to develop its normal resist-
ance, and a voltage drop occurs across it.

The cryotron is almost an exact dual of a grid-con-
trolled triode electron tube, as can be seen from a com-
parison of the characteristics. In Fig. 5 a triode tube
is shown, whose grid voltage, ., controls the anode
current, /,, through a load, R,. If the load is shorted
and the supply voltage, [, is varied for different values
of E., we obtain the familiar plate characteristic shown.

T 0 R =0,
€¢ VARIED
I} \ ———
1=0
=2
[conTroOL
VOLTS
=
A S P

L= %0

Ta, o o R
Np 1¢ VARIED
—_—
(X
CONTROL] .o SUPPLY | [LOAD, [
CURRENT CURRENT | | “Ru 3
T 4 l
I l -
Ty

TEMP = 4.2°K

Fig. 5 The cryotron is shown to be the dual of a triode
electron tube.

Now let us consider the cryotron. Its control current,
I, through the niobium wire, controls the voltage, F,,
across the tantalum wire and across the load, Ry. If the
load is open-circuited, and the supply current, 7I,, is
varied, the tantalum wire has either no resistance, cor-
responcling to no output voltage, or its resistance begins
to increase so that E, varies with I, as shown. Thus the
characteristics are like those of a triode, except that
every current is replaced by a voltage and every voltage
is replaced by a current.® The even spacing of the curves
is purely schematic and does not imply linearityv, nor
does the parallelism.

If there is no control voltage in the triode, the curve
marked with a zero in the triode characteristics of Fig. 3
is applicable. This is the result of the anode voltage.
alone, controlling its own current; note that it is the left-
hand curve. In the crvotron, if there is no co trol cur-

* The duality also applies to high frequencies, in that th triode
includes three capacitive susceptances in input, output, and ¢ upling
paths, while the cryotron includes three inductive reactances.
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rent, the curve which applies is again marked with a
zero. It is the result of the supply current which,
through its magnetic field, removes the superconduc-
tivity at a definite point and then controls the voltage.

However, in the cryvotron, the curve marked zero is
the right-hand curve of the group. There is one other
difference; in the triode all the curves at high currents
eventually merge into the limiting one (not shown)
determined by the emission capability of the cathode;
in the cryotron the curves merge at high voltages into
the Ohm’s-law curve for normal tantalum at the tem-
perature concerned. In practice also, the cryotron may
vary its temperature slightly due to heating by the sup-
ply current, and the curves will thereby be modified.
For the details of how the cryotron is used in a com-
puter, reference is made to the published literature.8

We may now leave the field of conduction in metals
and turn to some of the solid-state circuit effects in
other materials,

SOLID-STATE MASERS

It is an abrupt jump from a consideration of conduc-
tivity in metals tc the exciting new field opened up by
the demonstration a lew vears ago of a molecular ampli-
fier. Such a jump is indicative of the breadth of solid-
state effects and one must be prepared to make such
rapid changes in thinking again and again. For those
not completely familiar with the term, maser represents
the title “molecular amplification by stimulated emis-
sion radiation.” It is applicable to a class of microwave
amplifiers and generators which do not require electric
charges or currents, as in the electron tube or transistor.
To the circuit man, this new concept is apt to be so un-
familiar that some slight introduction is in order.

In the field of gas discharges, we are all familiar with
the light produced by gas atoms or molecules whose in-
ternal energy has been raised by an electric discharge.
Many years ago, it was believed that the light came
from recombination of free electrons and positive ions,
but this hypothesis was quickly disposed of by the
measured discrepancy between ionization energy and
the much lower-energy light quanta emitted. It was
then shown that internal energy states were responsible
and, by adding energy to a gaseous svstem, a wide
variety of electromagnetic radiations could be produced
when the gas molecule returned to its equilibrium state.
The energy levels involved were several electron volts,
and the tendency for the molecule to return to its
ground state was very great, so the light emission oc-
curred spontaneously and immediately. To a circuit
man, the system has a very low Q, or a wide bandwidth.
As we might expect, the radiation resembles the thermal
noise of such a circuit; i.e., it is incoherent and relatively
insensitive to external stimulation. The large energy
changes represent radiation far above the radio spec-
trum,
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A number of vears ago, Weber pointed out to the
radio fraternity'® that, of the many other internal
energy states in molecules, some had very small differ-
ences in energy, corresponding to radiation at radio
frequencies, rather than in the visible light range. Fur-
thermore, there appeared the possibility that there were
svstems which would retain their excess energy state
long enough to be highly sensitive to external stimula-
tion; this property is described by atomic physicists as
due to a long “relaxation time.” Thus, if a system of
molecules could be put in the higher energy state, an
incoming signal of the correct frequency could trigger
off the available radiation in proportional fashion and
in phase synchronism, so as to produce amplification.
The first problem lay in a suitable means to excite the
molecules to the correct higher energy state, since there
are ordinarily a very large number of possible excita-
tions. Gordon, Zeiger, and Townes reported that am-
monia vapor could be so excited,'" and used for amplifi-
cation. A second problem, which was apparent from the
start, involves the amount of output power obtainable.
The total energy available from a single molecular
transition at radio frequencies is only 107 electron
volts (10 watt seconds) or less. 1t requires, therefore,
4 tremendous concentration of excited molecules to pro-
duce an appreciable output power: a solid material is
clearly desirable. In a solid, the excitation means again
becomes critical hut we are fortunate in having several
possiblities.

A rather complete review article has recently been
published,!? so we will content ourselves with a hasty
survey of three possible excitation methods. Fig. 6 is
the customary energy level diagram showing possible
internal energy states. Also pointed out is the small
energy associated with transitions at microwave fre-
quencies. Let us suppose we have a material with three
energy states shown. At thermal equilibrium, the num-
ber of molecules in the energy state 117 is greater than
that in W% which, in turn, has more molecules than
state W, Thus, an incoming radio wave of angular
frequency, wse, can be absorbed by promoting transitions
from Wz to IWe At high excitations, the population of
state 1% builds up to a new equilibrium value, until it
equals that of state 11’3 at which point the power ab-
sorbed is a constant depending on the original in-
equality. 1f we could find a way of artifically increasing
the population of state I, to exceed 13 in the first
place, then we would have a possible release of energy
rather than an absorption. \When therc are three or more
cnergy states, we require an increase in population of

10 J. Weber, “Amplification of microwave radiation by substances
not in thermal equilibriuny,” IRE Trans., vol. ED-3, pp. 1 -4; June,
! )Df‘.j. P. Gordon, 1. J. Zeiger, and C. 1. Townes, “The maser—a
new type of microwave amplifier, frequency standard and spec-
trometer,” Phys. Rev., vol. 99, pp. 1264-1274: August 15, 1955.

12 | 1. Wittke, “Molecular amplification and generation of micro-
waves,” Proc. IRE, vol. 45, pp. 291-316; March, 1957,
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any higher state and we have a greater variety of
choices as to excitation means.

A suitable solid material consists of a host crystal
with the desired atoms or molecules (whose resonances
we wish 1o use) homogeneousty dispersed throughout as
an impurity. It has been found that one of the most
useful molecules is a paramagnetic atom; in the pres-
ence of the host erystal and a magnetic field, a single
degenerate energy level is split into a number of closely-
spaced levels. Since the splitting is partially due to the
magnetic field, the system is “tunable”; i.e., the useful
frequency can be adjusted. For a two-level system,
arsenic-doped silicon has been used;® the three-level
svstem recently worked upon at Bell Telephone Labora-
tories used gadolinium in a lanthanum ethyl sulphate
host lattice. To remove interaction with thermal
lattice vibrations, both require low-temperature opera-
tion. The apparatus to build an amplifier is quite simple,
since it requires only a microwave cavity loaded with a
a piece of the doped material and placed in a cryostat
between the poles of a magnet.
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Excitation Pulse | Adiabatic Multilevel
Method Inversion| Fast ’assage Sultileve
Min. Levels 2 2 3
Operation Pulse Pulse cw
Magnetic Field Yes Yes Yes
Frequency of Power
Supply = fump | 72 Jamp, 2 famp
Stability Needed High | Not Critical High
Host Material Silicon Silicon Lanthanum Ethyl
Sulphate
Doping Arsenic Arsenic Gadolinium
| Relaxation 17, lLong Long Critical

—

Fig. 6 —Solid-state masers; a table of excitation methods.

The three best known excitation methods are shown
in Fig. 6. For all three, the input power must be sup-
plied at radio frequency. With pulse inversion, the rf
supply is pulsed and, by resonant absorption, the mole-
cules of level W, for example, are excited to level Wa;
i.e., their populations are inverted. When the supply

-power is removed (between pulses), the system is ready

to amplify or oscillate at the same frequency. If the
magnetic field is also shifted slightly, the amplification

11 ], Combrisson, A. Honig, and C. H. Townes, “Use of spin
resonance for an oscillator or amplifier at hyperfrequencies,” Compt.
Rend. Acad. Sci., Paris, vol. 242, pp. 2451-2453; May 14, 1956.

W'H. E. D. Scovil, G. Feher, and H. Seidel, “Operation of a solid-
state maser,” Phys. Rev., vol. 105, pp. 762-763; January 15, 1957.
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can be at a slightly different frequency. The magnetic
field and excitation frequency must be reasonably stable
to assure proper operation and, of course, a long relaxa-
tion time is essential,

Another pulsed system uses what is known as adia-
batic fast passage. In this system, either the power sup-
phv frequency, or the magnetic field, is swept from one
side to the other of the desired resonance point at a rela-
tively fast rate compared to the relaxation time. Im-
mediately after the sweep, the populations have become
inverted and the system is “ready” to amplify. The
method shares the characteristics of pulse inversion
except that the rf supply and magnetic field are no
longer critical.

In the third system, outlined in a paper by Bloem-
bergen,' continuous operation is feasible, and there are
other advantages The material is extremely
critical, however, since it is necessary to have both
short and long relaxation times between levels. The
frequency of the power supply is selected to correspond
to the 7y transition. The population of 11, then be-
comes cqual to that of 1. The intermediate state, 1V,
now has either a smaller or a larger population than its
neighbors, [y and W, If it is smaller, amplification
occurs at [V, the upper transition. If its population is
larger, amplification can occur at 1. To obtain a
maximum of population difference, it is necessarv to
have one short and one long relaxation time in the
Ty — 112 and a— Ws transitions. Thus the relaxation
times, as well as the frequency differences for a desired
application, make the choice of material critical. At Bell
Telephone Laboratories, an oscillator was made to
operate at around 9 kme, using a 17.5-kme power supply
and a 3000-Gauss field; gadolinium was used in a
lanthanum ethyl sulphate crystal.®* A litdle cerium was
mtroduced, and a proper orientation of the magnetic
field was provided to promote an interaction with one
transition to decrease its relaxation time.

Bandwidths of solid-state masers are expected to be
from 1 to 10 me, with an upper limit of around 100 mc.
The operating frequency will lie above 1 kme, in general.
The noise factor is expected to be of the order of zero
db, since the fow temperature and absence of moving
charges eliminate internal noise sources. A magnetic
field and microwave power source are needed and, with
the multiple-level excitation method, a multiply-tuned
cavity is also needed.

as well,

microwave

SOME SEMICONDUCTOR DEVICES UsING
THE HALL EFFECT
The Hall effect occurs when a current-carrving con-
ductor is placed a transverse magnetic field. The
force on the current, given by Ampere’s law, is such that
the current paths are pushed in a direction at right
angles to themselves and to the magnetic field. 1f the

%5 N. Bloembergen, “Proposal for a new type solid state maser,”
Phys. Rev., vol. 104, pp. 324-327; October 15, 1956.
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charge carriers are positive, a transverse emf is set up
of one polarity. Negative charges give an opposite emf.
The emf known as the Hall voltage is a measure of the
sign and mobility of the charge carriers, and is one of the
important tools in studying semiconductors. The Tlall
effect also has practical value in devices for use in cir-
cuits, and we will describe three of them.

To those of us trained in classic circuit theory, the
gyvrator has seemed a strange and remarkable circuit
element. Since the ferrite gyrator works only at micro-
wave frequencies, we are still prone to ignore the gv-
rator as a circuit element applicable, for example, to a
doorbell wiring system. Perhaps this is a practical point
of view to take. Nevertheless, the Hall effect provides
an extremely simple nonreciprocal, passive four-pole
circuit element which works from de up to very high
frequencies. Fig. 7 shows the classic Hall effect experi-
ment and how it was used by Mason and his co-workers
to make a gyrator.!® Referring to Fig. 7(a), when a cur-
rent, I, is passed through an n-type semiconductor in a
transverse magnetic field, /7, a voltage appears across
its two sides, given by

V= RIH/W

where R is the Hall constant, proportional to the mo-
bility divided by the conductivity, and ¥ is the thick-
ness. In practical units, R is in volt-cm/amp-oersted.
The polarity of the Hall voltage is as shown.

If one now builds a symmetric square, with four side
contacts, as shown in Fig. 7(b), it is seen that, in a
magnetic field, electrode 4 can be thought of as having
a resistive connection to B, and C to D. A battery
poled as shown; i.e., positive, terminal to 4, produces
a positive output on terminal B to the load resistor.
The source current into a terminal is deflected clockwisce
and the upper end of the load is positive. Now let us
reverse the battery and load resistor as in Fig. 7(c).
The source current now flows into B, is deflected clock-
wise, and the positive output terminal is now the
bottom end of the load. This is the property of a gyvrator
and it is seen that the output of the four-pole used in
one direction is 180° out-of-phase with the output used
in the other direction.

Let us look at the circuit equations. For a resistive
four-pole, we may write

Vi= I1Ry; + I3Ry,

Va = IRy, 4 I2Rss.
Ordinarily, all passive reciprocal networks have Rip=
R The determinant of the resistance matrix is

A = R Ry — Ry2?

which can be made zero, if

WAV, P, Mason, W. H. Hewitt, and R, F. Wick, “Hall effect mod-
ulators and gv rators cmplo\'mg magnetic-ficld independent orienta-
tions in germanium,” J. Appl. Phys., vol. 24, pp. 166~175; February,
1953.
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Fig. 7—The Hall gyrator. (a) Iall effect, b) gyrator, forward
direction, (¢) gyrator, back directior, (d) isolator.

Ry, = Ry = Rys = Ray.

Thus, in a transmission system, it is casily shown that
the minimum insertion loss is also zero; f.e., zero db.

The Hall gyvrator, on the other hand, has Rp= — Ry,
As a result, the matrix determinant is

A = RuRz + R
and cannot be made zero. If one puts!?
Riy = Rep = Ry

in the insertion loss formula, using image-resistance
matching, it is found that the minimum loss is 7.7 db.
This is the chief disadvantage of the Hall gvrator, as
compared with ferrite gyrators, which are reactive in
nature, and can have almost no transmission loss.

To make a gyrator into an isolator, it is only neces-
sary to couple reciprocal resistance elements across the
terminals, as shown in Fig. 7(d). The effect on the cir-
cuit equation is to add a positive resistance to both Ry
and Ry, so that one of the diagonal terms is reduced to
zero. Transmission in one direction only is now permit-
ted, and the minimum theoretical loss is decreased to
about 6 db. In practice, best results are obtained with
such high-mobility semiconductors as indium-antimo-
nide. It is possible to achieve a forward-direction loss of
about 10 db and a backward direction loss of 70 db. The
actual devices can be very tiny, though the magnetic
field required is substantial (the higher, the better).
Where an isolator is a necessity down to low frequencies,
and the amplifving action plus isolation of an clectron
tube is ruled out of consideration, the insertion loss of
the Hall gyvrator may be tolerable, and can probably be
made to approach the theoretical values more closely
than presently achieved.

The Hall effect can also be used as an amplifier,'® as
shown in Fig. 8. It is found that an input magnetic tield
can be applied, with a load resistance in the transverse

17 R. F. Wick, “Solution of the field problem of the germanium
gyrator,” J. Appl. Phys., vol. 25, pp. 741-756; June, 1954.

18 H. Weiss, “The back-coupled Hall generator,” Z. Naturf., vol.
11a, pp. 684-688; September, 1936.
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Fig. 8—Hall-effect amplification. (a) Amplifier,
(b) regenerative feedback.
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Fig. 9 The magnetic rectifier, a bulk eftect.

connections, to give power gain. In a feedback arrange-
ment, also shown, negative resistance effects have been
obtained.

Another outgrowth of the Hall effect is a novel semi-
condctor rectifier, first described in print by Weisshaar
and Welker.* In distinction to all other rectifiers, this
device nses a bulk effect, rather than a barrier or con-
tact. IYig. 9 shows a slab of approximately intrinsic
semiconductor, with a transverse magnetic field. One
surface is sand-blasted, the other has a very low recom-
bination. A sand-blasted surface is a high recombination
surface, and (in equilibrium) is also a high carrier-
generating surface. When a voltage is applied, with the
left-hand terminal positive, the holes and electrons gen-
erated at the upper surface and in the bulk are driven
downward in the drawing, toward the low recombina-
tion surface. As a result of very little recombination
there, a high carrier concentration results and a high
current can flow. Upon reversing the voltage, the car-
riers are driven to the sand-blasted surface, which has
an extremely high recombination rate. Since there is no
other generating surface to supply carriers, the concen-
tration becomes small and little current flow results.

By reversing the magnetic field, the rectilier is re-
versed in polarity, as shown. This rectifier is an ex-
tremely interesting and unusual device from the circuit
point of view and will undoubtediy find usc in special
applications. As with other Hall-effects devices, ad-
vantage can be taken of the extremely high mobilities of
the so-called 3-5 compounds, particularly indium anti-
monide and indium arsenide.

19 |5 Weisshaar and H. Welker, “Magnetic barrier lavers in
germanium,” Z. Naturf., vol. 8a, pp. 681-686; November, 1953.
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A SEMICONDUCTOR VARIABLE CAPACITOR
Many circuit investigators have explored, in a modest
way, the utility of the depletion-layver capacitance of a
point-contact or junction rectifier. It is quite well under-

stood that, when such a diode is biased in the reverse

direction, an insulating, charge-free laver builds up.
whose thickness depends on the reverse dc voliage.
This layer is a relatively low-loss diclectric, since any
charges generated there are quickly swept out and pro-
duce no ac effect up to rather high frequencies. The
junction can be considered as a capacitor whose value
depends on the dc voltage applied to it, as shown in Fig.
10(a). Typical capacitance changes in a germanium
p-n junction are a 3:1 change in capacitance for a 15-
volt bias change.

i
k___..
<

+

e
BACK VOLTAGE

(a) (b)
Fig. 10- -The p-n junction as a variable capacitance.

Unfortunately, commercial diodes are not made for
this purpose and the losses are high compared with
good circuit components. It is not a difficult matter to
design the device with low series resistance, so that a
reasonably high-Q capacitor results; this was done by
Giacoletto and O'Connell.?® There are many uses for
this simple, low-cost device. As an fm modulator, one
finds a capacitance change of around 10 per cent per
volt. Thus, for the 100-mc fm band, it is only necessary
to apply a modulating signal of 14 mv, rms, to obtain the
200-kc modulation. This is easily obtained from a micro-
phone. A separate diode is not necessary, since the col-
lector capacitance of a junction transistor can be used
to modulate its own frequency. In fact, such an arrange-
ment was used in a color tv subcarrier generator, which
automatically locked itself to the burst signal, all with
only one transistor.?

As a nonlinear capacitor, various switching devices,
dividers, mixers, and harmonic generators can be de-
vised. It issignificant that such a diode capacitor is sub-
stantially independent of temperature and has no hys-
teresis loop up to frequencies of many thousands of

[, J. Giacoletto and J. O'Connell, “A Variable-Capacitance
Germanium Junction Diode for VHF,’j in “_l‘ramnstors [,” RCA
Labs., Princeton, N. J.; 1956: also published in RCA Rev., vol. 16,
pp. 68-85; March, 1956. A . . ]

3 L. J. Kabelland W. E. Evans, “A transistor subcarrier genera-
tor for color receivers,” IRE Trans., vol. BTR-1, pp. 9-13; July,

1955.
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megacveles, It is, therefore, different from the ferro-
clectrie dielectric device in major respects.

An amplifier can be made of ferromagnetic and ferro-
clectric materials, and amplification can also be ob-
tained from the junction capacitor. The same general
principles apply; i.e., the power supply must be at a
higher frequency than the frequencies to be amplified.
However, it is much easier to understand the junction
capacitor because of its lack of a hysteresis loep. An ac-
curate picture of amplification in such a nonlinear react-
ance may be obtained if the input signal is assumed to
modulate the high-frequency power supply ;2 a rectifier
is used to recover the signal frequency in the output.
Since the depletion layer capacitance is a majority-
carrier phenonemon, its change with voltage is ex-
tremely rapid, and amplitication is possible (in principle)
well into the microwave range. If there are no losses in
the variable capacitor, the noise is also potentially low.

Another point of view which may be taken of the
junction diode as an amplifier is that portrayed in Fig.
10(b). The switch is assumed to alternate from one
position to the other at a very high frequency. It is seen
that, in the input position, the capacitance has a high
value since the back bias is small. It is then charged up
by the input signal, to a charge determined by the
time and the scries resistance. The switch is then thrown
to the high-voltage condition, and the capacitance drops
to a lower value. Since the charge injected by the signal
remains constant, the voltage corresponding to it must
rise in inverse proportion to the capacitance. Thus addi-
tional output power is available for the load, and the
system has @ power gain. The gain is small since the
capacitance changes are ordinarily less than an order of
magnitude. Much higher gain is possible, at the expense
of frequency response, by use of minoritv-carrier stor-
age.® Under such operation, the input-position battery
is connected in the forward direction, and a very high
current of minority carriers flows. Before equilibrium is
approached, the switch is thrown to the output posi-
tion, and the minority carriers are swept out again. The
equivalent capacitance change for such operation is sev-
eral orders of magnitude, so the power gain is corre-
spondingly higher. However, since minority-carrier flow
is now used, the upper {requency limit is imposed by a
transit time similar to that of junction transistors. In
practice, of course, a fast switch is not available, and
one uses a high-frequency oscillator and a blocking
diode connected in the output, so that this circuit ar-
rangement is seen to be substantially the same as that of
the modulating amplifier described above, and the prin-
ciple of operation may be thought of in the same way
also.

2 J. M. Manley and H. E. Rowe, “Some general properties of
nonlinear elements—Part I. General energy relations,” Prcc. IRE,
vol. 44, pp. 904-913; July, 1956.

3 AW, Holt, “Diode amplifiers,” Electronic Design, vol. 2, pp.
24 25, October, 1954.
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CONTROLLED INHOMOGENEITY IN SoLIDS—OR
HHow to CoMPROMISE WITH NATURE

Technology makes its advances by compromise, in
which a result is achieved by using nature's gifts as they
are, rather than a waiting eternally until an ideal is
reached. Thus the theoretical scientist makes assump-
tions which allow a solution, even when they do not
exactly fit the problem. The transformer designer ac-
cepts a nonideal conductor (such as copper), and a non-
ideal magnetic core material. (such as silicon steel) and
proceeds with the best compromise design for a given
result. And so it is with other electric circuits, which are
made up with the “best” conductors, separated by the
“hest” insulating diclectrics, none of which are quite
perfect. The elements of the periodic table, and the com-
pounds, alloys, and mixtures which can be made with
them, never provide ideal materials. Each year im-
provements are made, but the result is always a com-
promise.

Solid-state technology has now reached a stage where
the method of compromise can be extended well beyond
simple choices of the “best” material A juxtaposed to
another “best” material B. Consider, for example, a
simple mechanical illustration involving a weight-carry-
ing steel beam, shown in I'ig. 11. Given the span, and
the weight to be carried, we may go to a table of struc-
tural steel characteristics and find an alloy and 1-beam
size which meets the requirements. Is this going lar
enough? The metallurgist may suggest a better or
cheaper alloy, while the structural designer may sug-
gest a nonuniform cross section, to cequalize stressos.
Both reach a practical compromise, which is ultimately
the result of limiting their choice to a homogencous ma-
terial.

TOP COMPRESSION

Fig. 11—A beam, carrving a weight. Stress varies from end to end.
Best results require a continuous variation in material properties.
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Let us look at the problem more fundamentalty. The
top of the beam is in compression, the bottom is in ten-
sion, and the central web must resist shear: each of
these stresses varies along the length of the beam. Thus,
each region of the beam has a somewhat different re-
quirement for the material in that region. \Why then
should the same alloy composition be chosen from one
end to the other and from top to bottom? In fact, a care-
ful choice of nonhomogeneous material, from end to end
and top to bottom may lead to an equally strong beam
with less material, or with cheaper material. The illus-
tration is, of course, an impractical one in todayx’s
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cconomy and the state of technology of structural
metals. But it illustrates a point.*

Fortunately, in electronic solid-state devices, one is
able to take a verv advanced point of view. Relatively
little material is needed, so that we can afford the luxury
of such rare chemical ingredients as selenium, germa-
nium, gallium, and the like. In piezoelectric and semi-
conductor materials, we can even afford single crystals
of a high order of perfection. An auspicious start has
been made, in the transistor field at least, on optimiza-
tion by use of inhomogeneity. This is sufhciently strik-
ing to justify detailed discussion. The ordinary trans-
istor is based on the p-n junction. Here a material con-
taining a p-type impurity is joined to one containing
an n-type. One may contend that this is a case of in-
homogeneity; it is actually an abrupt junction between
homogeneous regions. Although more complex, it isn’'t
too different in kind from those junctions which have
been used in electric circuits where a copper wire is
abruptly joined to its plastic insulating covering, or
soldered to the end of a resistor. As we shall see, one can
do better.

The transistor is undoubtedly a marvelous device,
but it has its shortcomings. The most outstanding is
its high-frequency response, which is limited mainly by
the finite mobility of the charge carriers, the electrons
and holes. Although one would like a semiconductor
which gives good operation at room temperature or
higher, and substantially infinite mobility, the elements
of the periodic table, and the compounds we can form
from then, seem to thwart us. IFor example, the materials
which show mobility orders of magnitude higher than
germanium will not work even as high as room temper-
ature. In the last two years, however, nearly an order of
magnitude improvement in frequency response has been
achieved in transistors at room temperature, by an applica-
tion of a continuous and controlled inhomogeneity in
the semiconductor material, In the first publication, by
Kroemer, this radically improved structure was called
the drift transistor.® It has also been described in terms
ol the technique emploved to obtain the result; e.g., dif-
fused-base transistor,”® and grown-diffused transistor??
are terms also in use. We shall call it the drift transistor.

In the drift transistor, advantage is taken of a spe-
cially chosen nonuniform distribution of impurities in
the base region to create the effect of an internal electric

2v A more practical illustration is the cutting tool of a lathe, whose
working edge is heat treated differently from the main body. Another
illustration is the case-hardened, wear-resistant exterior of a ball
bearing or other machine part, whose interior has the requisite tough-
ness or other required bulk property. The latter is of particular in-
terest because it can be achieved by the tvpe of solid-state diffusion
also used to obtain nonhomogeneous base regions in the drift tran-
sistor, to be mentioned next.

% H, Kroemer, “The drift transistor,” in “lransistors [,” RCA
Lab., Princeton, N. J., pp. 202-220; 1956. The first publication of
the principle was in Naturwiss., vol. 40, p. 578; November, 1953.

% C. A. Lee, “A high-frequency diffused-base germanium tran-
sistor,” Bell Sys. Tech. J., vol. 35, pp. 1-22; January, 1956.

27 Texas Instruments, Inc., Dallas, Texas.
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field. This field speeds up the charge carriers from emit-
ter to collector by a substantial factor, and leads to an
equally startling improvement in frequency response.
Fig. 12 shows schematically the original, homogeneous-
bhase transistor and the drift transistor, with its base of
nonhomogeneous impurity distribution. Because the
donors in the base region act as fixed positive charges,
by piling them up near the emitter, and thinning them
down near the collector, one can “build in” an electric
ficld which propels the holes from emitter to collector
at many times their normal diffusion speed. In theory,
the optimum impurity distribution is exponential with
distance and leads to an order-of-magnitude improve-
ment. In practice, solid-state diffusion of impurities
leads to an error-function distribution which is close
enough to optimum to produce about a 5-fold, rather
than a 10-fold improvement.?®

Let us notice that the circuit man was relatively lim-
ited with the original homogencous-base transistor. e
could not, as in a vacuum tube, produce an internal field
and speed up the charge carriers by an increase in volt-
age. The fixed donor impurity centers, which made the
transistor possible in the first place, also held all effect
of voltage to the depletion-layer region of the collector
junction. It is clear that the solid-state physicist was
calted upon to “build in” an effect in the solid which, in
turn, produced a greatly improved result in the circuit.
The drift transistor principle is now a basic part of all
the highest-frequency transistor designs; it was done by
recognizing the advantage of not dividing the world of
semiconductor junctions into two sharply different bhut
homogencous parts.

The drift transistor is, of course, not the only device
in which advantage can be taken of controlled inhomo-
geneity of impurities. The principle has already been
suggested to change the characteristics of a semicon-
ductor variable capacitance,?® to maximize the break-
down voltage of a semiconductor rectifier,” and to im-
prove sweep-out of minority carriers in semiconductor
switching devices.

We may now allow our imagination to roam further
into the possibilities of the future. In semiconductors,
it has been shown that a nonhomogeneous crystal lat-
tice can lead to a nonuniform band gap with distance.?®
If this is done in a controlled wav, it is possible to pro-
duce in a solid, not the simple electric field of the drift
transistor, but a force which acts on electrons and holes
(n the sume direction, even though their clectric charges

28 A, L. Kestenbaum and N. 1. Ditrick, “The design, construc-
tion and high frequency performance of drift transistors,” RCA Rev.,
vol. 18, pp. 12-23; March, 1957.

22 .. J. Giacoletto, “Theoretical junction capacitance and related
characteristics using graded impurity semiconductors,” IRL TraNs,,
vol. ED-4; July, 1957,

3 11, Kroemer, “Band structure of semiconductor allovs with
locally varying composition,” Bull. Amer. Phys. Soc., ser. 11, vol. 1,
p. 143; March 15, 1956.
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Fig. 12— T'he ordinary transistor and the drift transistor; the latter
uses controlled inhomogeneity of impurities in the base to
achieve a 5 to 10-fold better high-frequency performance.
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are opposite. Fig. 13 shows the difference between the
electric field produced by an impurity change with dis-
tance, and a band-gap change. (Of course, when there is
no emf across the material, this clectrical force is exactly
counterbalanced by the diffusion force which comes
from the progressively higher hole-clectron density in
the lower band-gap regions.) Still further, it can be
shown that another type of lattice change can produce
a quasi-magnetic field which is quite different from any
we can simulate by coils and magnets.?! Since these fields
act on electrons and holes differently from ordinary
clectric and magnetic fields, they are called quasi-elec-
tric and quasi-magnetic.

1t mayv be necessary now to dispel the charge that
these notions of controlted inhomogeneity are highly
speculative. Let us look at some results of the past few
vears on allovs of germanium and silicon, shown in Fig.
14. Although it was known that germanium and silicon
were miscible in all proportions, it was found only re-
cently that single crystals could be grown with as much

3 1. Kroemer, “Quasi-clectric and quasi-magnetic fields in non-
uniform semiconductors,” paper to be published.
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Fig. 16—Iligh tensile strength electric conductors using abrupt and
continuous inhomogeneity. (a) Copper-clad or aluminum-clad
steel wire, (b) two lavers over steel core, (¢) continuous change in
composition, C=f(r).
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Fig. 14—Characteristics of alloys of germanium and silicon.
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Fig. 15—Table of data on 3-5 semiconducting compounds
compared with their column-4 neighbors.

as 25 per cent silicon in germanium, and 10 per cent
germanium in silicon.3* Even more important, as shown
in the right of Fig. 14, a single crystal was grown, an
inch or two long, which was pure germanium at one end,
and merged gradually into a 15 per cent silicon alloy at
the other end.® The characteristics of Ge-Si allov ma-
terials are scen to vary gradually from one composition
to the next. In principle, then, a quasi-clectric ficld has
been achieved in the most difficult structure to work
with, a single crystal. Germanium and silicon are not
the only semiconductors with which this mav be done.
[n the table of Fig. 15, are data on that verv remarkable
class of compound semiconductors, called 3-5 com-
pounds. For cach semiconducting element in column 4
of the periodic table, there is a binary material made of
a column 3-column 5 combination, which has almost
exactly the same lattice constant, and the zinc-blende
crystal structure. The zinc-blende crystal is the binary
analog of the diamond-like crvstal lattice of germanium
and silicon. It is evident that a merging of gallium arsen-
ide into germanium, or aluminum phosphide into sili-
con, is not prevented by any mismatch oi crystal lattice,
although there may well be other difficulties. There is
hope that the next few yvears will sec some of these new

#S. M. Christian, “The growth and propertics of single crystal
Ge-Si alloys,” paper to be published.

of controlled inhomogeneity in advantageous fashion.

Clearly, controlled ingomogeneity is much more eas-
ily obtained when single crystallinity is not necessary.
So, let us leave semiconductors and consider a few other
circuit elements for illustration. A trivial illustration, in
the field of conductors, is a copper-clad or aluminum-
clad steel wire as shown in Fig. 16. Because alternating-
current flows mainly on the surface, a copper or alu-
minum-clad steel wire is a compromise which gives the
tensile strength of the steel core, and the ac conductivity
of the outer conductor. At the sharp transition between
the core and the high-conductivity surface laver, too
little current is carried to justify the copper, and too
much current to justify the steel. A better compromise
would use two lavers over the core, selecting an interme-
diate layer of higher tensile strength than copper, and
higher conductivity than steel. The compromise of a
gradual change in composition from center to outside,
which is even better, may not be practical or economic
today, but it is clearly possible in principle.

The laminated Clogston cable of Fig. 17 uses alter-
nate layers of conductor and insulator to achieve a
high-frequency cable loss much less than common air-
diclectric coaxial cable of the same diameter.® Although
this novel cable uses abrupt transitions from conductor
to dielectric throughout, it is clearly an attempt to fill
the space between inner and outer conductors with

3 A, M. Clogston, “Reduction of skin effect losses by the use of

laminated conductors,” Bell Sys. Tech. J., vol. 30, pp. 491-529; July,
1951.
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something more useful than air or dielectric. Its suc-
cess, in principle, is another example of useful compro-
mise with nature’s limitations by a controlled inhomo-
geneitv.

Another illustration of a compromise with nature lies
in the field of ferrite magnetic materials. By choosing
the composition of a ferrite, a wide variety of magnetic
properties can be achieved.® In a magnetically “soft”
ferrite, one composition achieves a high permeability
but with a low Curie temperature and a low resistivity;
in another composition, one gets high Curie tempera-
ture and resistivity at a sacrifice in permeability, as
shown in Fig. 18. A first compromise, for a transformer
core, is the simple one of a single homogeneous material
with a finite boundary. However, it is clear that we
would not normally expect the flux to be constant
throughout the ferrite and, if there are copper losses, the
temperature will also vary over the core. A better com-
promise will be achieved if the ferrite composition is
changed to be more nearly optimum for each portion of
the core, as in Fig. 18.

In a ferrite loop antenna, IFig. 19, one may find it ad-
vantageous to change composition between the portion
under the coil, which should have the highest uQ pro-
duct, and the remote ends, which could be made of a fer-
rite having highest permeability. Since the ends are
present to enlarge the effective capture cross section of
the antenna, but contribute somewhat less to the losses,
one can achieve an advantage in this way without in-
creasing the core diameter. The table in Fig. 19 gives
some tvpical published data.®

There is not enough space to go into other illustra-
tions, but ferrite switching cores, magnetostriction de-
vices, gyvrators, piezoelectric crystals, ferroelectric de-
vices, thermistors, photoconductive devices, «tc., all
have their special problems. By use of controlled in-
homogeneity, the designer and device technelogist can
often build into his device a circuit perforniance which
could otherwise not be achieved with av.ilable mater-
ials. For the circuit engineer, in turn, a r ¢sult is attained
which would not have been possible by vears of pains-
taking circuit variations using less-refined devices and

3t C. D. Owens, “A survey of the projserties and application of fer-
rites below microwave frequencies,” Prog, IRE, vol. 44, pp. 1234-
1247 October, 1956.
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Fig. 19—In a ferrite loop antenna, a judicious choice of inhonmogen-
eous material composition can improve the cffective pick-up
without increasing size.

components. The ultimate extension of the general prin-
ciple of inhomogeneity may produce a very complex
single solid which performs a multiplicity of functions
by virtue of the difference in molecular structure from
point to point.®

CONCLUSION

The future developments in new solid-state phenom-
ena in conductors, dielectrics, semiconductors, and
magnetics will lead to circuit behaviors which cannot
otherwise be achieved. Above all, it appears that con-
trolled inhomogeneity in solids will produce both new
and unusual phenomena and, ultimately, a single, solid,
circuit element which combines the functions of many
conventional components and associated wiring.

% A summer course, “Molecular Engineering,” was given at
Mass. Inst. Tech., August 20-31, 1956. This course, organized by
Prof. A. R. Von Ilippel, emphasized future e_ngineem}g design, start-
ing with molecular structure and ending with a desired circuit ele-
ment.

CTRAEFTO
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High-Frequency Semiconductor Spacistor Tetrodes™

H. STATZt, R. A. PUCELT,

Summary—The basic idea in these devices is to achieve a good
high-frequency response by using processes which are localized in
the high-field region of reverse-biased p-n junctions. Structures have
been proposed previously which use one injecting contact in the
space-charge region. These devices have disadvantages which may
be overcome by going to devices with two contacts in the space-
charge region. These latter devices have been successfully built
and tested. Electrons are injected into the space-charge region of a
reverse-biased junction. The injection current is modulated by
another nearby contact. This modulating contact is a small alloyed
p-type region which is biased in ‘‘reverse” and consequently draws
negligible current. Its function, in a sense, is analogous to the grid
in a vacuum tube. In such a device, the second contact has the addi-
tional function of shielding the injecting contact from voltage changes
across the main p-n junction. The high degree of shielding already
achieved in the first few experimental units reflects itself in the fact
that the output impedance is of the order of 30 megohms. The meas-
ured input impedance is, at present, also about 30 megohms. The
input impedance can probably be made even higher. The first experi-
mental devices show a low-frequency power gain at least as high as
that obtained with our present-day transistors. The input and output
circuits are coupled only through a low interelectrode capacity.
Additional interesting features of these new devices are their low
capacities and the independence of their operation on the minority
carrier lifetime of the semiconducting materials used. In analogy
to previously proposed structures, the name ‘‘spacistor tetrode” is
suggested.

INTRODUCTION
¥ ’I YHE basic idea, underlying this new class of de-

vices, is the avoidance of limitations imposed by

the relatively slow diffusion of minority carriers
through the essentially field-free base regions of tran-
sistors. Though the base regions of diffused transistors
have a built-in field, the total voltage drop across this
region is limited, in principle, to at most one-half the
energy gap of the semiconductor material used. In prac-
tice, this upper limit is never reached and in most de-
vices this drop corresponds approximately to 0.1 or at
most to 0.2 volt. The possible gain in cutoff frequency
as compared to a transistor with equal base width and
no built-in field is therefore approximately four- to
eight-fold.

Very much higher field strengths, however, are found
in the space-charge regions of reverse-biased junctions
and, as is well-known, one easily obtains the highest
fields that can, in principle, exist in semiconductor bod-
ies before breakdown mechanisms set in. At the same
time, the thickness of the space-charge region can be
made arbitrarily small. Therefore, we have attempted to
make amplifying devices which utilize these high fields

* Original manuscript received by the IRE, July 9, 1957; revised
manuscript received, August 15, 1957.
t Ravtheon Mfg. Co., Waltham, Mass.

MEMBER, IRE, AND C. LANZAT

to obtain very short transit times for charge carriers.

Early work indicated! that oscillating and amplifying
devices could be built utilizing one injecting contact in
the space-charge region in conjunction with the ava-
lanche multiplication of the injected carriers in the
region of high field. In subsequent unpublished experi-
mental work, the negative resistance diodes proposed
by Statz and Pucel,! actually were built. It was neces-
sary, however, to maintain very close tolerances in the
dimensions and the resistivities of these devices in order
that just the right amount of avalanche multiplication
resulted. In addition, because of the high applied volt-
ages necessary and other reasons to be discussed below,
perfect surface conditions were also required. Thus the
emphasis of further work was shifted to devices which
did not require any avalanche multiplication. In the
meantime, a device had been suggested? which used one
injecting contact in the space-charge region (just as in
the above-mentioned negative resistance device) but no
avalanche multiplication. The operation of the device
depends critically upon the requirement that the in-
jecting contact is very close to one boundary of the
space-charge layer; for example, for an electron inject-
ing contact this is the boundary between the space-
charge layer and the neutral p region. In biasing the
contact to inject the desired type of carriers, the space-
charge region is deformed such that for even very mod-
erate currents the contact might no longer remain in the
space-charge region, and hence, the postulated high-
frequency performance of the device might be impaired.
This leads to the result that the power-handling capac-
ity decreases with increasing power gain.

Another undesired effect occurs which is connected
with the surface condition and which will be discussed
further below. Some other possible objections, such as
the fact that the device has no current gain and that the
input and output are coupled, also are worthy of men-
tion. It will be shown, however, that these last objec-
tions can be overcome by a different mode of operation,
one which shares some of the features of the device to
be described in this article.

The question mayv arise as to how the devices which
utilize injection of carriers into space-charge regions

U H. Statz and R. A. Pucel, “The spacistor, a new class of high-
frequency semiconductor devices,” Proc. IRE, vol. 45, pp. 317-324;
March, 1957; “New Iigh Frequency Semiconductor Devices Utiliz-
ing Injection of Carriers into Space-Charge Regions,” presented at
the IRE-AIEE Semiconductor Device Res. Conf., ’urdue Univ.,
Lafayette, Ind.; June, 1956.

2 W. Gaertner, “A New UHF Traunsistor,” presented at WESCON
Convention, Los Angeles, Calif.; August 21-24, 1956.
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differ from the so-called ficld-effect transistor.?=8 In the
ficld-effect transistor, the cross sectional area of an n-
or p-type ohmic conducting “channel” is varied by sur-
rounding space-charge regions produced by a “gate.”
The current flowing through this channel causes a poten-
tial gradient along this channel; however, the field
strengths reached are limited by the heat generation
due to this current and are orders of magnitude smaller
than those obtainable in space-charge regions.® A simi-
lar comment applies to the so-called analog transistor.$
Actually the analog and the field-effect transistor are
very similar, the only essential difference, for example,
being the use of intrinsic material in place of lightly
doped n-type material for the region between the
“source™ and the “drain.” The frequency limitations of
the two transistor types are also closely related. In order
to have a high electric field, for example, between the
analog grid and analog cathode a large current must
flow between the analog cathode and the analog plate.
Thus, comparable heating effects will limit the obtain-
able electric fields. This state of affairs is to be con-
trasted to the devices described here in which no current
is necessary to establish the high electric fields and thus
no excessive power has to be dissipated in order to ob-
tain a good high-frequency response (short transit time).

PRINCIPLES OF DEVICE OPERATION

Because of the dithculties in the above mentioned
devices, 4 new approach was made, The resulting de-
vice is shown schematically in Fig. 1. A p-n junction is
biased in reverse. The resulting space-charge region is
indicated by the shaded area. A suitable electron-emit-
ting contact C is placed into the space-charge region.
(Later both injecting and noninjecting contacts in
space-charge regions will be considered and experi-
mental results discu sed.) The contact Cis connected to
terminal A through a battery which biases the contact
negatively with respect to the potential of the underly-
ing space-charge region. Note the potential of point C
is still positive with respect to 4. LZlectrons are emitted
from this contact into the space-charge region. The
clectrons flow to the u side, through the load, and back
to point C. The cemission of the clectrons from contact
C will be space-charge limited™8® for most cases to be
discussed.

A second contact D is placed between the emitting
contact and the » region. It is essential that this contact

3\, Shockley, “Unipolar ‘ficld-effect’ transistor,” Proc. IRE, vol.
40, pp. 1365-1376; November, 1952.

4 G. C. Dacey and 1. M. Ross, “Unipolar ‘ficld-effect’ transistor,”
Proc. IRE, vol. 41, pp. 970-979; August, 1953.

5 (5. C. Dacey and L. AL Rnss “The field effect transistor,”™ Bell
Sys. Tech. J., vol. 34 pp. 1149- 1189 November, 1955.

61V, Slm(l\ley, “Transistor electronics: lmperfectmn s, unipolar
and analog transistors,” Proc. IRE, vol. 40, pp. 1289-1313; No-
vember, 1952,

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

8 G. C. Dacey, “Space-charge limited hole current in germanium,”
Phys. Rev., vol. 90, pp. 759-763; June, 1953.

PROCEEDINGS OF THE

IR November
- h +
INPUT o _ "IH’ (EMITTING POINT)
' / (MODULATING POINT)
A o— p % 8

SPACE-CHARGE REGlO

LOAD I”Ih

Fig. 1—Schematic presentation of new high-
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be rectifying when situated in the space-charge region.
Point D should be biased in reverse with respect to the
underlying space-charge region in order that it draw
negligible current. As will be shown below, a p-type
alloyed contact will perform this function. In operation
of the device, the bias potential of modulating point 1)
will alwavs be positive with respect to the emitting
point C. In spite of this fact, none of the clectrons emit-
ted by C will be collected by D. The reason {or this may
be seen partially from Fig. 2 where the potential in a
longitudinal cross section through the space-charge in
the vicinity of point 1 is shown. Contrasting to a vac-
uum tube where the clectrons can gain kinetic energy
in their flight from cathode to plate, in a solid the elec-
trons constantly collide with the lattice. Consequently,
the direction of the current is always in the direction
of the clectric field. Thus, by biasing point I negatively
with respect to the potential of the underlying space-
charge region, no net electron current will flow into the
point. Since the point D is placed in the space-charge
region, the field produced by it will penetrate through-
out this region. The field extends to the boundaries of
the space-charge region where it is shielded out by a
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deformation of these boundaries, as shown in Fig. 3.
One can easily measure how the potential in the space-
charge region is altered by the presence of the biased
point D. For this purpose a 10-volt alternating voltage
was superimposed on the bias of point D and with a
tungsten point, the ac voltage on the surface of the
space-charge region was measured at various points. In
INig. 4, the results are shown for a germanium device
with total applied direct voltage of 220 volts across a
1.2 X102 ¢m wide space-charge region. The function of
contact D is two-fold. First, by superimposing on its dc
bias an alternating voltage, one can vary the emission
of the emitting contact. This is so because the field
strength in the vicinity of point C will be altered and
the space-charge-limited emission will be modulated.
The degree of modulation, of course, depends critically
on the geometric arrangement of the two contacts—in
particular on their spacing, and also on the magnitude
of the bias current flowing. To discuss the modulation
quantitatively, it is convenient to use vacuum tube

o] c4 0.6 o8 10 1.2 L4 1.6 18

I,p)(ma)

Fig. 5—Transconductance for two devices as a function
of injected current.

terminology and define a transconductance g., as

anut aIini

— = (1)
al mod

e 3V imod

In (1) Iou is the load current and I, the injected cur-
rent, Vmoa is the potential of the modulating point D.
Transconductance is plotted in Fig. § for two typical
germanium devices as a function of the injected bias
current. It is seen that g, increases approximately lin-
early with the bias current. The modulating contact
was a p-type gold alloyed dot approximately 5X1073 cm
in diameter. The injecting contact was a tungsten point
approximately 1.2 X107 ecm away from the edge of the
modulating contact. This latter distance is very difh-
cult to estimate because etching of the device causes
some of the germanium to be removed under the gold
dot. This is also the reason that devices with distances
substantially smaller than 1.2X107% c¢m have not yet
been investigated. In the above devices, a total voltage
of 205 volts was applied and the width of the space-
charge was approximately 102 cm. The position of the
tungsten point is in practice always chosen to lie be-
tween the p-type region and the modulating point D.
It might be added that if the injecting contact C sits
side by side with contact D, a lower g, is obtained for
comparable separations. A more detailed consideration
of geometries will be given below.

The second function of contact D is to reduce the in-
fluence of voltage changes across the load on the emis-
sion of C. To illustrate how this comes about, the poten-
tial across a space-charge region without any points is
shown for two applied voltages in Fig. 6(a). The position
which the emitting contact C usually has is indicated by
a dashed line. From TFig. 6(a), one can see that the po-
tential of this position depends upon the applied voltage
across A-B (Fig. 1). In Fig. 6(b), the potential across the
space-charge region near the surface is shown for two
applied voltages, but with contact D present and biased



1478

-<
™~
\

POSITION .
CONTACT C

T

b POSITION OF
( ) CONTACT ¢

PosiTion oF X

CONTACT D

Fig. 6—Diagram illustrating the shielding effect of a biased
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with a constant voltage with respect to 4 (INig. 1).
In Fig. 6(b), it is scen that at the position where contact
C will normally be placed, there is almost no variation
in the potential of the underlying semiconductor; there-
fore, the bias of contact C with respect to the space-
charge region will be almost independent of the applied
voltage across A-B. I'rom this, one may expect that the
emitted current will be independent of the voltage across
A-B and thus that the output impedance of the device
will be very high. Also one can look upon the shielding
action of the contact D in a somewhat different way.
The ficld strength determining the space-charge-limited
cmission of contact C depends partially on the voltage
applied across A-B and partially on the potential of the
contact D. A high output impedance means that the
field in the vicinity of C is essentially independent of the
bias across 4-B and depends only on the potential
of contact D. It is obvious that high transconductance
and good shielding action of contact D go in parallel.
A realistic way of measuring the output impedance so
as not to be disturbed by leakage currents is measuring
the change in injected current for a change in the volt-
age across the output A-B. In measuring the unit for
which the g, values are shown as curve 4 in Fig. 5,
an impedance of approximately 30 megohms for I;y;
=0.3 ma is found. The output impedance decreases
with increasing injected bias current. It is seen that
even with a small contact, efficient shielding can be
obtained.

CoNTACTS IN SPACE-CHARGE REGIONS

As has been argued, it is necessary to make good
injecting and rectifying contacts in space-charge regions.
For the device to have high-power gain, it is particu-
larly important for the modulating contact to have a
good reverse characteristic. In our search for suitable
contacts, tungsten points and small fused bonds have
been investigated experimentally. [n these investiga-
tions, the current-voltage relationship was measured,
using the circuit shown in Fig. 7(a). No current will
flow when the potential of the contact essentially equals
the potential in the underlying space-charge region. In
the experiments, the voltage applied to the contact is
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Fig. 7—Diagrams of circuits for measuring current-voltage relation
ship and injection efficiency of contacts in space-charge regicns.

measured relative to the above mentioned potential
so that for 7=0, V=0. By measuring the currents, as
shown in Iig. 7(b), one can determine what ‘raction of
the injected current consists of electrons or holes.
Consider first the experimental results obtained with
a tungsten point. In Iig. 8(a), the current-voltage char-
acteristic of a typical tungsten point in the space-
charge region is shown. The interesting result is that
practically no rectification takes place.® The forward
impedance is approximately the same as the reverse
impedance. The result is quite different from what is
found for points on neutral #- or p-type material. In
Fig. 8(b), the hole and electron currents, I, and I,
respectively, are plotted as a function of I, . It is seen
that for voltages in which the point is biased positively
with respect to the underlying space-charge, the in-
jected current consists mainly of holes. In the space-
charge region the holes flow to the p side; the current
is recorded by the meter labeled 7, in Fig. 8tb). For op-
posite polarities, the injected current consists mainly
of electrons which flow to the # side; the resultant cur-
rent is recorded by the meter labeled I,. From the re-
sults of the above experiments one arrives at the con-
clusion that a tungsten point is biased ir “forward”
for either polarity relative to the potential in the under-
lying space-charge region. These experiments also show
that there are small changes in I, with I;,; when mostly
hole current flows, and in I, with 7I;,; when mostly
electron current flows. In order to draw general conclu-
sions concerning these small changes, more, and very
accurate, measurements need to be made. The decrease
of I, with Ij,; to the left of the origin in Fig. 8(b) is
what one would normally expect. Some of the holes

* W. G. Matthei and F. A. Brand, “On the injection of carriers
into a depletion layer (L),” J. Appl. Phys., vol. 28, pp. 513-514;
April, 1957.
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Fig. 8—(a) Cl_lrrent-voltage relationship of tungsten point in space-
charge region. (b) Electron aud hole currents injected by tung-
sten point.

generated in the space-charge region or in the n side
approximately within one diffusion length of the space-
charge region are collected while flowing by the tungsten
point. Thus I, is expected to decrease the more negative-
ly the point is made with respect to the space-charge
region. By the same reasoning, however, one would also
expect [, to decrease with increasing [i,; to the right
of the origin, contrary to observation. Several reasons
may account for this observation. For example, because
of injection the junction may become heated sufficiently
so that the reverse current of the main diode is in-
creased ; or the field strength may be large enough so that
some of the injected electrons induce avalanche multi-
plication; or, small leakage currents across the surface
may account for the observed effects.

A plausible explanation of the main features of the
behavior of the contact will be given below. In Fig. 9,
the metal is shown in contact with the semiconductor.
Surface charges have been ignored since if they are not
large enough to cause inversion lavers, they will not
affect the argument. In the semiconductor there are
virtually no holes in the valence band and no electrons
in the conduction band, because the high field in the
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Fig. 9 — Diagram illustrating contact of nietal in space-charge

region of reverse-biased junction.

space-charge region sweeps out all carriers. Electrons
from the metal will flow into the conduction band. The
magnitude of this current will be

—(F, — EF)

kT @

1., = I.,exp-
In (2) I.,isa constant which is related to the area of the
contact, the probability of transition for an electron
from the metal to the conduction band in the semicon-
ductor, and other factors. The Boltzmann factor in (2)
takes into account the number of electrons that have
enough thermal energy to make the transition into
the semiconductor. The quantity /. is the energy
of the conduction band edge of the surface and Ep is
the Fermi energy in the metal, ¥ is Boltzmann's con-
stant, and T, the absolute temperature. Similarly,
electrons will make transitions from the valence band
of the semiconductor into the metal or, what is the same,
holes will go from the metal into the valence band of the
semiconductor. The hole current I, will be of the form

.- (kr— 1)
I, = Iy exp- = a 3)
kT

The quantity [, is related to the area of the contact
and to the probability of transition of a hole from the
metal into the semiconductor. The energy of the valence
band edge at the surface is denoted by E,. Thus the net
current I out of the contact into the semiconductor is

[ = b 0= ey TP
=1,—1,=1,.exp
P po €X] BT
—(E.— E
—~ I,0€xp ( r} . C)]
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If the contact is floating, I will take on a value Ep,,
for which I'=0. From (4)

ory et I

‘/17 )
= exp —
KT Lo 20T

If a voltage 17is applied between the metal and the semi-
conductor, most of the potential drop will occur in the

(5)

exp

space-charge region; however, because of the finite
small
fraction of the voltage will appear between the metal
and the surface. Let this fraction be ¢. Thus, for an
applied voltage 17, the Fermi cnergy of the metal will
shift with respect to the energy bands at the surface
from Fp, to

spacing between the metal and the surlace, a

Epr = Epo — gl (6)

where g is the charge of an clectron. Inserting (3) and
(6) into (4) gives

I R
I = 2V 1,0l po exp ——— sinh <——> (7)
2k1

The experimental curves exhibit the main features of
(7). ITowever, it must be considered that the validity of
(7) is limited to small currents and voltages. As the
current increases, the concentration of electrons or holes
in front of the contact increases. \\s a result, the as-
sumptions of negligible concentrations of clectrons or
holes in the semiconductor break down. Also, these elec-
trons or holes reduce the electric field near the point
and ¢ decreases, or in other words, the space charge
starts to limit the emission from the point. Thus, there
is a transition from the current-voltage relationship of
(7) to one corresponding to space-charge-limited emis-
sion. [For completeness one may mention one other
reason for ¢ to be a slowly varying function of the ap-
plicd voltage. For large enough applied voltages, the
boundaries of the space-charge region are deformedd,
causing a change in the fraction of the applied voltage
that appears between the metal and the semiconductor
surface. However, the above derivation shows why there
is no rectification and why for positive and negative

biases, holes and electrons are injected respectivelyv.
IFrom the above discussion, it is concluded that a
tungsten point contact can be used for injecting either
electrons or holes. However, a tungsten point is com-
pletely useless for the modulating contact D. For this
application it might be anticipated that doped con-
tacts would show the desired rectifving characteristics.
Turning now to such contacts, consider a heavily doped
p-type contact. I biased positively with respect to the
potential of the underlyving space-charge region, holes
are emitted into the space-charge region. This emission
may be considered to be space-charge limited.”> If
biased in reverse, the holes in the p-tvpe contact cannot
flow into the space-charge region. Iowever, there arc
some electrons in the p-type region. Their concentration
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will be zero at the boundary between the p-type contact
and the space-charge region. Thus, there will be a con-
centration gradient in the clectron distribution from
inside of the contact to the above mentioned boundary
layer, giving rise to a small direct current. The magni-
tude of this current may be of the order of 10~7 amps
for germanium and will be orders of magnitude less for
silicon. This current will not depend on the applied bias
as long as this bias is larger than a few tenths of a
volt, and thus the differential impedance will be infinite.
No electrons can tlow into the contact from the space-
charge region because of the reverse bias. The p-type
region can, however, in principle, collect some holes
which have been thermally generated in the space-
charge region or in the neutral #-type region within ap-
proximately one diffusion length of the space-charge
region. The number of holes collected will depend slight-
Iy upon the reverse bias, and thus this contribution to
the current will give rise to a finite differential imped-
ance. In materials with large energy gaps and reason-
able lifetime, the rate of carrier generation will be much
smaller and their contribution to the input impedance
will be reduced. Experimental curves corresponding to
those of IYig. 8(a) and 8(b) are shown in Fig. 10(a)
and 10(b). It is seen from Fig. 10(a) that the reverse
impedance varies with bias somewhat but is of the
order of 30 megohms. The same order of impedance has
been measured in the operating devices where such a
bond has been used as a modulating contact. From
Fig. 10(b) it can be seen that in the forward direction,
the injected current consists almost entirely of hole
current. In the reverse direction, no measurcments
were made because of the very small current involved,
but it is believed that the reverse current consists pre-
dominantly of collected holes and possibly is contributed
to by surface leakage.

TRANSCONDUCTANCE

Of considerable importance in the operation of the
device is its transconductance, g,. It would be quite
valuable to get some theoretical estimates of the mag-
nitudes that can be obtained. It is felt that the geometry
of two point contacts on the surface is not advantageous
for obtaining high g, values. A device using line con-
tacts, for example, is expected to be much better [Fig.
11(a)]. In addition, geometries may be used in which
the modulating contact is on the other side of the semi-
conductor body [Fig. 11(b)]. Many other configura-
tions can be given. The following discussion, however, is
restricted to the case of point and line contacts. It is
exceedingly difficult to calculate accurately character-
istics of these devices though it could be done by using
relaxation methods. An estimate of the upper limit for
gn can be found by using rather idealizing assumptions.

Consider the case of the line contacts in Fig. 11(a).
By applving a certain voltage to the modulating con-
tact, the potential along the surface of the modulating
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that the current flow is cylindrically symmetric in that
portion of the cylinder, By this idealization, the effect of
Tl (o) the modulating contact will be overestimated very prob-
T'°° 2 ably by a factor less than 10. The problem now be-
comes one of calculating the space-charge-limited emis-
T8c sion (IFig. 12) from an n-type cylinder of radius a into
a p-type region with an acceptor charge density pa.
+60 The potential is prescribed as (R) on a cylinder of
I . . , . o
(h) ° radius R. Poisson’s cquation for cylindrical symmetry
Lao may be written
a1 dl 1 oo + o) ®
N : - - Pa Pn}.
T20 dr? r dr €
P In (8), V is the potential, r the radial variable, € the
10 20 _;o _4+o_ dielectric constant, p. the acceptor charge density and
Linj (o) px the charge density due to electrons. By neglecting

Fig. 10—(a) Current-voltage relationship of alloyed p-type contact
in space-charge region. (b) Electron and kole currents injected
by alloyed p-type contact.
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\7MODULATlNG
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Fig. 11 —A\lternate geometries for device.

contact in the space-charge region assumes this value.
This causes the potential, and thus the electric fields,
to change throughout the space-charge region. In order
to obtain an over-all cylindrical symmetry it is assumed
that the potential along a one-cighth section of a cylinder
takes the value of the modulating contact, as indicated
in Fig. 11(a) by a dotted line. It is further assumed

diffusion,? p, may be written as

J

Pn = L (())

wlk
In (9), jis the magnitude of the clectron current den-
sity, uis the electron mobility and £ is the radial electric
field. Since the total current per unit length J is as-
sumed to flow in one-eighth of a cylinder, then

4/ 4/ (10)
o mruls B dVv
Ty
dr
Inserting (10) into (8) one obtains
dv 1 dV pa+ 47 (11
dr? r dr a € dl’
emry
dr

For most purposes, it will suftice to assume p,=0
since in practical devices the contacts will be situated in
almost intrinsic material. 1t may be mentioned at this
point that there is still another reason to suspect that
the inclusion of fixed charges in (11) will not improve the
estimates of g,.. In the device, the modulating and emit-
ting contact may be located in regions of the space
charge where ionized donors predominate. In the model,
the latter case is meaningless because it would corre-
spond to a heavily doped n-type region in contact with
a slightly doped n-type region. Thus, letting p,=0, one
obtains from (11) the solution
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I'(R) u,‘/u f //—R-—l—(‘OS“fR'}. (12)

s
€um a-

As boundary conditions it has been assumed that V=0
and dV/dr=0 at r=a. In this model
dJ VI Veur

gm B =

= 13
dV (13

aj /'»2— 1 — cos! .
\l1 a? R

Suppose we consider germanium and use for an exam-
ple: 7=10"3 amps/cm (J is current per unit length of
emitting contact); u =103 cm?/volt sec; a=5X10"* cm;
R/a=2; then, dJ/dV=6.1X10* umhos/cm. If one
assumes R/a=3, then dJ/dV =2.6 X103 umhos/cm. In
(13), u has been assumed constant and independent of
the field. Some account of the reduction of the mobility
due to the field has been made by assuming an electron
mobility smaller than its low-field value. The value of
gn is a rapidly varying function of the spacing of the line
contacts. It appears that values of the order of 1000
pmhos may be obtained if the devices are operated at
higher currents. If, in the model, a p, different from zero
had been assumed, the values for dJ/d 1 would have
come out larger.

Using similar simplifying assumptions, one can calcu-
late g, for a point contact structure. In this case the
emission from a sphere of radius a is considered. Fig. 12
shows the cross section through the sphere. In analogy
to the cvlindrical case, the current may be considered to
How within a segment of a sphere of solid angle 47/8
=m/2 (one-cighth of the sphere). The expression cor-
responding to (13) is

dJ VI 3meu
gn = - = N

" ()

R r=FR/a
f< > = f (vt — a2y,
a ~

=1

(14)

where

The values of this integral are tabulated in Table 1.
Assume J =103 amps; u =103 cm?/volt sec; a =2 X 104;
R/a=6. These values correspond roughly to the experi-
mental units of IFig. 5, with the exception that the
emitting contact was not a doped bond but a tungsten
point. With the above numbers, g,.=97 umhos. This
value is remarkably close to the experimental results.
[t should be pointed out, however, that this is rather
fortuitous since, according to (14), g. should vary as
V/J, whereas the experimental findings show a more
nearly linear behavior, except that curve 4 shows some
bending over at the highest J value. One reason for this
discrepancy certainly lies in the fact that a tungsten
point will behave differently than a doped contact.
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TABLE [
R/a JiBla(y—t — =) li2gy,
1 0
2 0.62
3 1.236
4 1.766
5 2,236
6 2,662
8 3.418
10 4.085
20 6.705

50 11.302

Surrack EFFECTS

In general, the surface properties of semiconductors
can be understood in terms of the interaction of several
sets of surface states with the underlying semiconductor
material. Of great importance for the operation of the
transistor is the surface-states-induced surface re-
combination velocity and minority carrier lifetime in
general. For the present device, surface recombination
velocity is of little importance. Of some concern, how-
ever, is the fact that the surface states may have a net
charge. As is known, this leads on neutral semiconductor
material to a bending of the bands and, for large charge
densities of the proper sign, to inversion lavers.!® The
situation for surfaces on space-charge lavers is some-
what different. The surface states are located on a region
which is not in thermal equilibrium and their occupa-
tion will depend upon their capture cross section for
electrons and holes and, of course, ulso upon their en-
ergy. In thermal equilibrium the occupation of a state
depends only upon its energy and not upon capture
cross sections. In this paper, the physics of surface
states in space-charge regions will not be discussed
further, and we proceed to consider the effects of sur-
face charges. Consider, for example, a space-charge
region with a net positive charge on the surface. The
field of this charge will penetrate into the space-charge
region, and the space charge will be distorted, as shown
for three cases in Fig. 13. In the case ¢, such a large
surface charge has been assumed that an inversion layer
is formed. The art of controlling the surfaces has pro-
gressed sufficiently so that inversion lavers can be
readily prevented. However, small surface charges as
shown in Fig. 13(a) may occasionally occur. They will
exert little influence on the operation of the above de-
scribed device. This may be seen as follows: a change in
the surface charge will cause the emitting and modulat-
ing contacts to be located at a slightly different place in
the space-charge region. If the modulating contact is
biased sufficiently in reverse, the modulating point will
remain in the reverse bias condition regardless of any
small changes in the space-charge region. On the other
hand, for a good device, the emission of contact C de-
pends almost completely on the voltage difference of

10 “Semiconductor Surface Physics,” University of Pennsylvania
Press, Philadelphia, Pa., 1957,
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Fig. 13—-Effects of surface charges on space-charge regions.

contact C and contact D, and thus is insensitive to small
changes in the surface charge. This relative independ-
ence of emission on surface charges can be further
strengthened by biasing the emitting point with a stiff
direct current source which is shunted by a capacitor.
The capacitor clamps the emitting point at a fixed
potential relative to ac signals and permits modulation
of the emission current. In devices in which the injecting
contact has to be very close to one edge of the space-
charge layer,? small changes may bring the contact out
of the space charge or too far into the space charge, de-
pending upon the sign of the surface charge.

DiscussioN

Before entering into a discussion of the device with
two contacts in the space-charge region, it should be
mentioned that some of the advantages of the present
device could, in principle, be realized using only one
contact in the space-charge region by choosing the input
terminals somewhat differently than Gaertner? (Fig. 14).

In comparing the above-described device with the
transistor, the frequency response is of prime interest.
By the frequency response of the transistor one usually
means the dependence of power gain on frequency.
Actually, for our device it is not meaningful to consider
the power gain, because of the insignificant input power.
However, as a matter of interest, the low-frequency
power gain for one of the experimental units is calcu-
lated below. The input is

12
Pi = ——
Rin

where V7, is the input voltage and R;, the input resist-
ance. The power dissipated in the load is

s e a
j)out = | in'!gm'RI.,

where R is the load resistance. The low-frequency
power gain is

I)out.

Piu

&3 gngI.Rin- (15)
With the measured values g, =10® pmhos, R;,=30
megohms, R, =R..=30 megohms, where R, is the
output resistance of the device, one obtains a power
amplification of approximately 9X10% or 70 db. At
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higher frequencies, of course, the gain is lower. For
example, when the transit time through the space-
charge region becomes comparable to the inverse fre-
quency, g. will decrease. At higher frequencies there
will be an additional power consumption at the input
arising from the capacitive coupling between the modu-
lating contact and the load. However, the capacities
in question will be quite small (of the order of 1 uuf),
since the contacts are situated in a rather wide space-
charge region.

If the input impedance is extremely high, it is more
appropriate to consider voltage gain than power gain.
The ratio of the output voltage to the input voltage at
low frequencies is approximately equal to gmRp if
R < Rou.. With the above value of g, and Ry = Ry, this
corresponds to a voltage gain of 3X10% Though a load
resistance of this magnitude is unreasonable at low
frequencies it can be approached by use of high Q tuned
circuits at the higher frequencies. Therefore, useful volt-
age gain will be obtainable up to frequencies correspond-
ing to the inverse transit time of the carriers, at which
point g,. starts to decrease rapidly. As is well-known,
the output capacity, i.e., the capacity of the reverse-
biased main p-n junction, is related to the amplification
bandwidth. Counsider, for example, a parallel RLC
circuit. If R&Ryut, then, at the resonant frequency, the
voltage gain is g,R. If one defines the bandwidth Aw
as the frequency interval in which |Zl >R/v2, where
Z is the impedance of the tuned circuit, then this band-
width becomes 1/RC and the gain-bandwidth product
is gn/C.

Another property of interest is that in the above-
described device the output and input circuits are only
loosely coupled through a small interelectrode capacity.
Thus, the device is well suited for the design of multi-
stage amplifiers.

It appears that the above device has many of the
attractive features of a vacuum tube and may not only
extend the frequency response of present-day transistors
but may also find useful applications in medium- and
low-frequency circuits.

Another attractive feature is the fact that minority
carrier lifetime has practically no influence on the opera-
tion of the device. Hence, new semiconductor materials
with large energy gaps suitable for high temperature
operation may more readily be used for the manufacture
of this device than for the transistor.
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The Utilization of Domain Wall Viscosity
in Data-Handling Devices”
V. L. NEWHOUSET, MEMBER, IR

Summary—The investigation of the switching behavior of metal
tape rectangular loop cores in the millimicrosecond region has led
to the discovery of a group of phenomena associated with elastic
switching. These effects can be explained in terms of the existing
theory of magnetic domains and appear to be associated with the
elasticity and viscosity of motion of the domain walls involved in
the magnetization process.

Various digital circuit applications are described. These include
a technique of continuously displaying the contents of magnetic
shift registers and means of operating random access memories an
order of magnitude faster than present current coincidence types
without an increase in the amount of equipment required, and with-
out the use of extra windings or of a special core geometry.

Tue MAGNETIC EFFECTS

Experimental Account

URING the investigation of the high-speed
switching of 1/8-mil grain-oriented 4-79 \lo-

Ivbdenum Permalloy tape, a group of effects
were discovered which do not seem to have been previ-
ously described in the literature. They appear to be as-
sociated with the viscosity of the magnetic domain
boundaries. The author has demonstrated these effects
in ferrites as well as in Molybdenum Permalloy. The
present report will be concerned with the description
and utilization of the effects in 4-79 Molvbdenum
Permalloy as it is this material which has been chiefly
investigated to date. The effects can be described under
three headings.

Flastic Switching: This effect has been demonstrated
in 1/8-mil and 1,/4-mil grain-oriented tape made of 4-79
Molybdenum Permatloy. Tt was found that the appli-
cation of magnetizing pulses much larger than the coer-
cive foree did not give rise to permanent changes of
magnetization provided that the duration of the pulses
was sufficiently short. This effect, which is a tvpe of
nondestructive read-out, is demoustrated in Fig. 1,
which shows the waveforms resulting from the applica-
tion of a 10-ke train of 0.1-microsecond hall sine-wave
current pulses through five-turn magnetizing windings
to a toroid consisting of five wraps of 1/8-mil material.
The coercivity of this material was approximately 0.07
ocersted. The peak height of the magnetizing pulses
shown in Iig. 1is 0.63 oersted. This is close to the maxi-
mum amplitude of 0.1-pscc half sine-wave pulses which
can be applied to this material without significantly
affecting the permanent state of magnetization.

* Original manuscript received by the IRE, April 12, 1957; re-
vised manuseript received, July 10, 1957, This paper was presented
in abbreviated form at the Western Joint Computer Conference, Los
Angeles, Calif., February 27, 1957,

t Radio Corp. of America, Camden, N. J.
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Fig. 1—Nondestructive read-out in i-mil 4-79 Molvbdenum Per-
malloy. Core construction: five wraps of §-mil tape, 3 inch wide,
ceramic bobbin, {-inch outside diameter. (a) Voltage across five-
turn sense winding, core at negative remancnce. (b) Voltage
across five-turn seuse winding, core at positive remanence. (c)
Negative magnetizing pulse, repetition rate 2 ke.

Size Anomaly of the Elastic Flux Change: The mini-
mum amplitude of 0.1-psec pulses required to completely
switch the core under discussion was 2.8 oersteds.
Waveforms  accompanyving  complete  switching
shown in Fig. 2. Comparison with Fig. 1 shows that the
reversible magnetization changes occurring during non-
destructive read-out consist ol a relatively large fraction
of the total magnetization change obtainable on com-
pletely switehing the core. The output signals for non-
destructive read-out are approximately svmmetrical
about the base line in 1/8-mil material and their ampli-
tude is strongly dependent on the state of remanence. In
a representative case such as that shown in Fig. 1, the
ratio between the peak amplitudes of the “one” and
“zero” output signal when hit with the standard inter-
rogation pulse is of the order of 3:1, and the peak of the
output voltage pulse associated with the nondestructive

are
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W Fig. 3— Nondestructive read-out in §-mil 4-79 Molybdenum Per-
~ malloy using symmetrical O.1-psec half sine-wave pulses ()f 1.5-
ocrsted peak .unplnu(lc Core construction: as in Fig. (a)
F L Voltage signal across five-turn sense winding, core at p()sm\c
50 MILLIMICROSECS./DIV. remanence. (b) Voltage signal across five-turn sense winding, core
| 1 I 1 ! 1 I at ncgatl\c remanence.
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Fig. 2-—Complete switching of 3 5 -mil +-79 Molybdenum Permalloy
Core construction: as in Fig. 1. (a) Voltage signal across five-turn
sense winding. (b) Sct pulse (mmmmm amplitude required for
complete switching). (c) Reset pulse.

read-out in the “one” state is as high as 17 per cent of
the voltage pulse associated with complete flux reversal.

Quasi-Elastic Switching Using Symmetric Excitation:
In the tvpe of core described above having a coercivity
of approximately 0.07 oersted, the maximum amplitude
of 0.1-usec pulses which do not cause a permanent
change of flux is of the order of 0.63 oersted. The pulse
znnplitude required to completely switch a core of this
tvpe in 0.1 psec is 2.8 ocrsteds. It has however been
found that pulses of 1 oersted can be applied without
causing a permanent change of state, provided that each
pulse is followed by an opposite polarity pulse of similar
amplitude. Alternatively, a pair of positive pulses can
be followed by a pair of negative pulses. The time inter-
val between the pulses can be of arbitrary length. The

permissible difference in amplitude is of the order of 7
per cent at 1.8 ocrsteds, and becomes larger as the pulses
become smaller. Output voltage waveforms resulting
from the alternate application of positive and negative
pulses to a core are shown in Fig. 3, with the core at
positive and negative remanence.

The technique of current amplitude coincidence for
core sclection in conventional memories employs the
core coercivity as a threshold mechanism. The switching
speed of cores selected in this fashion is limited because
the total switching field applied cannot be made greater
than twice the coercivity. The results described above
make it po%snl)lc to use amplitude coincidence for core
selection using much larger fields than the coercivity
and consequently attaining much higher switching
speeds.

Some numerical results for switching with 0.1-usec
pulses are summarized in Table 1. It is interesting to
compare the flux change associated with complete

TABLE 1

REVERSIBLE AND IRREVERSIBLE SWITCHING IN §

M1, GRAIN-ORIENTED 4-79 MoLyBpENUM PERMALLOY USING 0.1-MICROSECOND

1TALF SiNE-WAVE PULSES

Mode of Operation Dnvmg Pulse

2.9 oersteds ‘
0.63 oersted t

Destructive switching

Nondestructive read-out using
pulses of one polarity

Nondestructive read-out usuu:
symmetrical pulse excitation

1.8 oersted

* Minimum Lxutntlon for complete sw itching.
+ Peak excitation which can be used in this mode.

“1” Output Voltage Pulse

0.30 volt/turn
0.050 volt/turn

0.20 volt/turn

“O” Output Voltage Pulse Peak Flux Change

0.07 volt/turn
0.016 volt/turn

19 mupusec volts/turn
2.4 muscc volts/turni

0.07 volt/turn 9.1 musec volts/turni

t This represents the total flux change which occurs during the application of a pulse tending to reverse the magnetization.
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switching — 19-volt millimicroseconds/turn with the
completely reversible 2.4-volt millimicroseconds/turn
which occurs during nondestructive read-out with pulses
in one direction.

The flux change which occurs during the application
of a sensing pulse of 1.8 oersteds is shown to be 9.1-volt
musec/turn. Numerical integration of the waveforms of
I'ig. 3 shows that approximately 43 per cent of this flux
change is elastic, i.e., reversible, and exists only during
the application of the sensing pulse. The other 57 per
cent is inelastic and remains after the termination of the
sense pulse. This inelastic flux change can be cancelled
out by a pulse which is within 7 per cent of the initial
pulse in peak amplitude but in the opposite direction.
The fact that the net flux excursion over a whole cycle
is zero is proved by the fact that the nondestructive
read-out effect is maintained even when positive and
negative pulses are applied billions of times.

Physical Mechanisms

The effects which have been described can be ex-
plained at least qualitatively in terms of existing do-
main theory. The viscosity of domain wall movement
appears to account satisfactorily for the elastic switching
effects for short pulses. The large elastic flux change may
be partly associated with the onset of domain rotation,
a mechanism which has been used to account for the
magnetization reversal effects in small particle magnets!
and thin films.?

Elastic Switching: 1t has been reported above that it
is possible to apply an indefinitely large number of very
short magnetizing pulses considerably exceeding the
coercive force to 1/8-mil or 1/4-mil grain-oriented
Molybdenum Permalloy tape without causing a cumu-
lative change of the state of magnetization. This can be
explained in terms of the domain wall surface tension
and the viscosity of the wall motion.

The fact that elastic switching occurs indicates that
any existing domain walls are moved over such a rela-
tively small distance during the application of the non-
destructive read-out pulse that they fall back to their
original position after the cessation of the pulse. It is
known that the movement of domain walls over small
cenough distances is not accompanied by irreversible
magnetization changes. Thisis proved by thewell-known
fact that the application of fields which are much
weaker than the coercivity and which are of arbitrary
duration to conventional magnetic materials will not
result in irreversible magnetization changes. This is
true even in portions of the hysteresis loop near the
coercive point where most of the magnetization change
takes place by means of Barkhausen jumps executed by
the domain walls.

VL, C. Stoner and E. P. Wohlfarth, “A mechanism of magnetic
hysteresis in heterogeneous alloyvs,” Phil. Trans., vol. A240, pp. 599
642; May, 1948.

*R. .. Conger. “High Frequency Effects in Magnetic Films,”
ATEE Conf. on Magnetism and Magnetic Materials, Boston, Mass.;
October, 1956.
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It is calculated in Appendix 1 that the distance
moved by a domain wall under the influence of the maxi-
mum 0.1-usec pulse of 0.63 oersted which gives non-
destructive read-out in the case of 1/8-mil Permalloy is
approximately three times its own thickness. This result
indicates that the mechanism assumed for the nonde-
structive read-out effect is plausible since studies of the
Barkhausen effect in related materials indicate that
irreversible changes only become important as a domain
wall moves through a distance which is between one and
10 times its own thickness.?

The nondestructive read-out signal from 1,/8-mil ma-
terial shown in Fig. 1(a) shows a slight exponential
“tail.” This feature is accentuated in 1/4-mil material
and is probably associated with eddy currents. The cal-
culated decay time constant of the eddy current field is
calculated in Appendix Il and agrees to within an order
of magnitude with the experimentally observed values.
The value of permeability used in this calculation is
4000, a value which is appropriate for a case where mag-
netization is mainly by rotation rather than wall move-
ment.

Size Anomaly of the Elastic Flux Change: It has just
been suggested that nondestructive read-out using short
pulses is possible because the domain walls move over a
relatively short distance. 1t was pointed out that purely
reversible magnetization changes can also be brought
about by the application of very weak fields where do-
main wall motion is limited by field amplitude rather
than field duration. In the case of nondestructive read-
out by means of very weak fields, the magnetization
changes are a very small fraction of the change associ-
ated with an irreversible transition from positive to
negative remanence. Reference to Table I shows that
the reversible changes accompanying the application of
pulses of 0.63 oersted are, however, as large as 12 per
cent of the major loop magnetization change. Moreover,
the application of nondestructive read-out pulses of 1.8
oersteds gives rise to purely reversible magnetization
changes of 40 per cent of 9.1, i.e., of 3.6-musec volts

turn. This is 19 per cent of the flux change associated
with complete switching. These results suggest that the
magnitude of the reversible magnetization changes as-
sociated with nondestructive read-out mayv not be ac-
counted for on the basis of domain wall movement
alone.

A second process which may contribute to the re-
versible magnetization changes during nondestructive
read-out by short pulses is that of spin rotation, i.e., the
coherent rotation over a small angle of the magnetiza-
tion of a whole domain. This process is known to occur
in particles whose diameter is comparable 1o that of a
domain wall.! Conger's work on thin films of 80-20
nickel-iron showsthat magnetization reversal takes place
by rotation as well as wall movement for applied fields

3 R. S, Tebble, 1. C. Skidmore, and W. D. Corner, “The Bark
hausen effect,” Proc. Phys. Soc. 4, vol. 63, pp. 739-761; July, 1950,



larger than a few oersteds.? It is difficult to calculate the
critical field for irreversible spin rotation because the
value of the magnetic anisotropy for Molybdenum
Permalloy is very uncertain. The critical field, however,
has been measured directly for a 1000 A film of 80-20
permalloy by Smith* who obtains a value of approxi-
mately 2 oersteds.

This result suggests that reversible spin rotation
processes may be responsible for a part of the magnetiza-
tion changes due to pulses of the order of 1 oersted and
above.

A third process which may contribute to the elastic
flux change is that of the nucleation of reversal domains
around imperfections in the material such as grain
boundaries. The fact that the flux change is elastic
indicates that any domains which were nucleated during
a nondestructive read-out pulse must be reabsorbed
after the pulse. If a nucleated domain has not reached a
size greater than a critical value by the end of the
nucleating pulse, then the surface tension of the domain
boundary would lead to its reabsorption.®

Llastic Switching with Symmelric Excitation: It was
pointed out above that nondestructive read-out is pos-
sible with pulses as large as half the amplitude required
to switch the core completely, provided that cach posi-
tive pulse or pair of pulses is followed at an arbitrarily
long time interval by an equal number of negative ones.
In this case, the application of the first pulse tending to
switch the material results in a degree of nonelastic wall
movement. It is clear that the reabsorption pulse moves
the domain walls to a position sufficiently close to their
remanence location for no cumulative changes to occur
under the influence of repeated pairs of pulses.

The results of the above section can be summarized as
follows.

The phenomenon of nondestructive read-out associ-
ated with the application of very short intense magne-
tizing pulses is attributed to the fact that existing do-
main walls are moved over distances within their
“clastic limit.” Any domains created during a non-
destructive read-out pulse are reabsorbed after its
termination.

The reversible magnetization change occurring during
the nondestructive read-out is ascribed to the reversible
movement of existing domain walls. Temporary co-
herent rotation of the direction of magnetization in
areas large compared to the wall thickness may also
play a part as may the creation of temporary reversal
domains around imperfections in the material.

Review of Related 1Work: Many nondestructive read-
out techniques have been described which involve the

4D, 0. Smith, “Magnetic Relaxation in Thin Films,” AIEE
Conf. on Magnetism and Magnetic Materials, Boston, Mass.; Oc-
tober, 1956.

¢ D. S. Rodbell and C. P. Bean, “Influence of pulsed magnetic
ficlds on the reversal of magnetization in square loop metallic tape,”
J. Appl. Phys., vol. 26, pp. 1318-1323; November, 1955.
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use of cores with special geometries.®~1% A nondestructive
read-out technique which uses cores having a conven-
tional geometry has been described by Widrow.! This
makes use of the sense of the curvature of the hysteresis
loop near remanence. The output obtained is relatively
small in amplitude.

Haynes!? showed several years ago that the applica-
tion of microsecond pulses larger than the coercivity to
metal tape cores having a switching time of the order of
milliseconds produces a reversible flux change whose
duration is dependent on the state of remanence. The
switching of the cores investigated was subject to heavy
eddy current damping and the nondestructive read-out
phenomena observed were interpreted in this light.

Eddy current damping does not play an important
part in the materials reported on in the present paper.
This makes it possible to demonstrate and utilize the
dynamic properties of the domain walls and spins to a
greater extent than would otherwise be possible.

APPLICATIONS

Some of the possible data-handling applications of the
two types of nondestructive read-out will now be de-
scribed.

Magnetic Indicator

The order of magnitude of the nondestructive read-
out obtainable with the high excitation possible when
symmetrical drive is used is demonstrated by the device
shown in Fig. 4. In this deliberately simple circuit, the
nondestructive read-out signals from a conventional
tape core are rectified and used to operate a forward
biased neon bulb. The status of the neon indicator
shows whether the core being sensed is in a state of posi-
tive or negative remanence. In a practical case the dis-
crimination of the output signal could be increased by
the use of a bucking core. Alternatively, the diode
could be replaced with a transistor used as a combined
rectifier and amplifier.

Magnetic Switch

Nondestructive read-out has been applied to a
channel-selecting magnetic switch which embodies the

8 J. A. Rajchman and A. \WV. Lo, “The transfluxor—a magnetic
gate with stored variable setting,” RCA Rey., vol. 16, pp. 303-311;
June, 1955.

7R. L. Snyder, “Magnistor circuits,” Electronic Design, vol. 3,
pp- 24-27; August, 1955.

8 D. A. Buck and W. I. Frank, “Nondestructive sensing of mag-
ne‘tsi‘i: cores,” Commun. and Electronics, no. 10, pp. 822-830; January,
1954.

% R. Thorensen and W. R. Arsenault, “A new non-destructive
ead for magnetic cores,” Proc. Western Joint Computer Conf., pp.
111-116; March, 1955.

0 A, Papoulis, “The nondestrictive read-out of magnetic cores,”
Proc. IRE, vol. 42, pp. 1283-1288; August, 1954,

N B, Widrow, “A radio frequency nondestructive readout for
magnetic core memories,” IRIZ TraNs., vol. EC-3, pp. 12-15; De-
cember, 1954,

12 M. K. Haynes, “Magnetic Cores as Llements of Digital Com-
puting Systems,” Ph.D. dissertation, Univ. of Ilinois, Urbana, Ill.;
August, 1950.
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0.1 MICROSEC PULSES
"y 400 MA
", 200KC REP RATE

04 100V
10K

SET RESET WD.

Fig. +—Nondestructive read-out used to operate neon indicator. Core

construction: 30 wraps of }-mil, 4-79 Molybdenum Permalloy,
§ inch wide, $-inch diameter.

current steering technique proposed by Karnaugh.® The
principle of the circuit is illustrated in Fig. 5. Each core
is provided with set and reset windings which ensure
that only one core is set at a time. There are not shown
in Fig. 5.

Nondestructive read-out current pulses are applied
through R1 in such a direction as to tend to reset the
cores. The output windings of the unselected cores pro-
duce voltage pulses similar to those shown in Fig. 1(a).
The selected core produces a voltage output similar to
that shown in Fig. 1(b). The initial output pulse from
this core serves to bias off the diodes associated with
the unselected cores and “steers” the clock pulse through
its own output winding into the selected load. In the
circuit shown the clock pulse is produced by delaying
and compressing the read-out pulse. Following the
termination of the drive pulse, the selected core recovers
toits “set” state in a fraction of a microsecond. A further
read-out pulse can then be applied.

The arrangement of the diodes ensures that no cur-
rent can flow through any of the loads in the absence of
a clock pulse, i.c., during the set and reset of the cores
or during their recovery from read-out. Each load can
be equipped with a separate filter if required. In this
circuit the provision of bucking cores in series with each
switch core is not required since the operation of the
switch ensures that all the sensing current is diverted
through the output winding exhibiting the largest volt-
age pulse. Delay line effects must however be carefully
controlled in the design.

Shift Register With Permanent Output Indication

A one-core-per-bit shift register™ which is well suited
to nondestructive read-out operation is shown in Fig. 6.
Point P is normally held at a positive potentiat. The
application of a current pulse through the shift winding
resets all the cores which were previously set, and in
doing so, charges the associated intermediate storage
capacitors positive. Immediately after the termination
of the shift pulse, point P is pulsed negative, thus dis-
charging any of the intermediate storage capacitors

1 M. Karnaugh, “Pulse switching circuits using magnetic cores,”
Proc. IRE, vol. 43, pp. 570--584; May, 1955.

"V, L. Newhouse and N. S. Prywes, “High speed shift registers
using one core per bit,” IRE Trans., vol. EC-5, pp. 114-120; Sep-
tember, 1956.
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Fig. 5—Application of nondestructive read-out to current
steering switch using cores of }-mil grain-oriented tape.

— CLOCK PULSE
(" SO MuSEC.)

| 1 ]
RS R¢ 1 RS
B -50V -sov -50V
ADVANCE -
CURRENT/ H
SENSE !
CURRENT 1 L . f
WINDING I I I '
g

SENSE
SOURCE CURRENT ©

ADVANCE By
CURRENT
= = SOURCE

Fig. 6 —One-core-per-bit shift register using nondestructive
read-out to provide permanent output.

which were charged positive in the previous part of the
cycle. In discharging a particular capacitor, the subse-
quent core is set to a state of positive remanence. In
Iig. 6 the shift register has been modified to provide a
permanent indication of its contents. A sensing current
source has been attached to the shift winding as shown
and each intermediate storage capacitor is connected to
a neon indicator through a large resistor R. The other
end of the neon indicators are taken to a negative poten-
tial so as to minimize the inverse voltage required across
the diodes of the circuit.

Between the application of shift pulses the sense
pulses which can remain “on” continuously, charge the
capacitors which follow cores set to a positive state of
remanence, and excite the associated neon. A rontinuous
indication of the contents of the shift register is thereby
provided. If the ncon indicators are replaced by transis-
tor or vacuum-tube amplifiers as indicated in the dia-
gram, other computing or indicating devices can be
driven.

It is noteworthy that the conversion of the shift
register proposed above to provide a continuous indica-
tion of its content is achieved with a minimum of added
components—one resistor and neon indicator per stage,
one current source of pulses, and an extra bias supply
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for the neon indicators. In particular, no extra windings
are required.

Random Access Memories

Perhaps the most important applications of the time
dependent effects lie in the field of data storage.

The use of nondestructive read-out for random access
memories of the conventional type is illustrated sche-
matically in Fig. 7. A parallel memory is represented
where all the digits of a particular word are read in and
sensed simultaneously. The read-in process can take
place by mecans of coincident current techniques. A
word line corresponding to a particular address is se-
lected by means of the word line selector switch. This
switch mav utilize vacuum tubes and diodes, transistors,
ete. To enter a particular word into the store, the se-
lected word line is pulsed and those digit selection lines
corresponding to “ones” in the word are pulsed simul-
taneously in the well-known manner. To clear a given
address, the corresponding word line is pulsed with an
opposite polarity current in such a way as to reset all
the cores in that line.

To sense a given address in a nondestructive manner,
the corresponding address line is selected by the word
selection switch and is pulsed with a limited amplitude
pulse of very short duration. Each of the cores on the
pulsed line will emit a voltage pulse on the correspond-
ing digit selection line whose amplitude will be a func-
tion of its remanent state. These pulses are then sensed
by the amplifiers. It should be noted that this well-
known configuration has the advantage that the digit
selection lines are used for sensing also, and even more
important, that each sensing line only passes through
one activated core during the sensing operation. This
means that the sensing line passing through each core
being sensed does not have other half-activated cores in
series with it, producing disturbing signals. The signal-
noise ratio of the nondestructive sensing effect does not
therefore have to be very high.

The advantages of using nondestructive read-out in a
random access memory are as follows:

1) Regeneration is unnecessary. This simplifies the
logic circuitry required.

2) The fact that a memory interrogation does not
have to be followed by a regeneration cvcle de-
creases the effective access time of the memory by
a factor whose value depends on the proportion of
memory interrogation to memory entries. In the
extreme case where all the memory references are
interrogations, the minimum time between inter-
rogations need be no longer than the sum of the
length of the interrogation pulse and the time re-
quired to refer to a new address in the memory.

To enter information into a memory by means of time

dependent inertia effects, several modes of operation are
possible. One of the most interesting has been named the
pulse intertace method and operates as follows:
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Fig. 7—Parallel digit memory suited for nonlestructive read-out
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Fig. 8—Pulse interlace waveforms for writing into two-dimensional
core arrays. (a) For use in serial digit arravs (e.g., Fig. 9). (b) For
use in parallel digit arrays (e.g., Fig. 7).

To switch a particular core in a two-dimensional
matrix without disturbing anyv of the others, anti-
coincident current pulse trains are sent along the ap-
propriate row and column as shown in I'ig. 8(a). The
length and amplitude of each pulse and the number of
pulses in each train depend on the material used for the
storage clements. In the case of the cores described
above, the pulse trains shown in Fig. 8(b) using 1.4-
oersted pulses 0.1 psec in length are sufficient.

These waveforms are for use in a parallel digit memory
of the type shown in Ilig. 7. Pulse no. 1 of the row pulse
train is used to clear the selected address and is made
large enough to perform this purpose even in the absence
of column pulse no. 1. Column pulse no. 1 is applied only
to those column wires passing through cores which are
to be “set” during the read-in portion of the cyvcle. Its
purpose is merely to prevent column pulse no. 2 from
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initiating cumulative magnetization changes in cores on
unaddressed rows.

The application of row excitation pulses nos. 2 and 3
to a row of reset cores results i a small anmount of un-
desired magnetization change in those cores which have
not been switched by the application of a column excita-
ton pulse in the time interval between the two row
pulses. This feature is of no consequence in this tvpe of
memory structure since every pair of row set pulses is
always preceded by a “clear” pulse.

In the pulse interlace method the selected core is ex-
cited continuously, whereas the nonselected cores are
excited discontinuously or not at all. The process of
magnetization reversal in the selected core must there-
fore take place by domain wall movement.

A method of reversing the magnetization by means of
spin rotation makes use of the second threshold effect.
To switch a core in a two-dimensional matrix in this
way, conventional amplitude coincidence techniques
may be used provided that each positive pulse on any
one line passing through cores which are not to be
switched is followed or preceded by a negative pulse and
vice versa. (These pulses are of half the switching am-
plitude.) Such a cycle is used in the experimental meni-
ory described below.

By making use of the second threshold effect, rela-
tively high speeds of operation are possible. Using the
type of core described above, it is possible to write into
any one core of a matrix by means of two-time coinci-
dent 1.4-oersted 0.1-usec pulses preceded by two identi-
cal coincident “pre-disturb” pulses of opposite polarity.
The total writing time is approximately one tenth the
duration of the switching time required for the same
material using conventional coincident current tech-
niques. The nondestructive read-out procedure which
can be used in memories of this type takes 0.1 usec or
less, and is thus at least one twentieth the duration of
the conventional destructive read-out procedure if this
has to be followed by re-entry of sensed mformation.

An Lxperimental Memory

A very small transistorized random access memory
has been built to investigate the use of the time de-
pendent effects for entry of information and non-
destructive sensing.

The cores described in connection with Fig. 1 were
used as the storage element and were arranged in a two
dimensional matrix, The associated control logic is
shown in Fig. 9, and cnabled the memory locations to
be addressed individually for writing, or in sequence for
nondestructive read-out.

The core matrix line selection circuits use base-
driven, grounded-emitter transistor switches whose col-
lectors are connected in series with the matrix lines
through diodes (not shown in Fig. 9). Before pulsing a
specific line the emitter-base junction of the correspond-
ing switch transistor is forward biased. The application
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Fig. 9—Two-dimensional memory.

of the matrix drive pulse thus finds this transistor in a
“presaturated” state. This configuration has two ad-
vantages.

1) The transistor is not required to undergo a change
of state during the application of the drive pulse.

2) The collector base dissipation is a minimum.
(Most of the dissipation occurs in the emitter base
junction.)

In this way, conventional rf transistors (2N140) are
able to switch millimicrosecond pulses of several hun-
dred milliamps at high repetition rates. In the present
instance, these pulses were generated from commercial
vacuum tube equipment.

Writing a “one” into an individual core is accom-
plished by passing a 220-ma 0.1-psec pulse along one of
the pair of vertical lines, passing through that core as
selected by the corresponding transistor switch. Simul-
taneously, an identical pulse is passed through one of
the pair of horizontal lines intersecting the selected core.
These coincident pulses have the effect of entering a
“zero” into the selected core and of applying a disturb
action in the “zero” direction to the other cores on the
selected vertical and horizontal lines. To complete the
entry of a “one” into the selected core, current pulses
are sent along the two previously unexcited lines. This
switches the selected core into the “one” state and
cancels out the disturbance applied to the othear cores on
the selected vertical and horizontal lines. The whole
process requires a minimum period of 0.2 usec. To enter
a “zero” into an individual location, the order of exciting
the selected lines is simply reversed.
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By setting the address counter and making use of the
single-cycle facilities of the control equipment, it was
verified that a “one” or a “zero” could be entered into
any memory location in a single cycle. It was also estab-
lished that the continuous entry of “ones” or “zeros”
into any position of the memory did not disturb the
information in other positions. The contents of the
memory could be observed on the column lines by
cycling the address counters continuously, while apply-
ing nondestructive current pulses corresponding to 0.4
oersted to the rows of the matrix.

It is of interest to compare this memory with the
evaporated film memory described by Pohm and
Rubens.!® In that memory the elements are switched by
the application of two time coincident field pulses with
the resultant field directed at an angle to the easy direc-
tion of magnetization. This produces the effect of a
transverse as well as of an antiparallel field on the ele-
ments being switched. The switching times reported for
the evaporated film memory are of the order of 0.5
usec. Destructive read-out is used and the sense signals
are of the order of 4 millivolts. Since the magnetization
in the partially selected elements undergoes reversible
rotation, it would appear that nondestructive read-out
techniques can be used in a film memory with a corre-
sponding sacrifice in signal strength.

CONCLUSION

The emphasis in the work done to date has been on the
applications of the time dependent effects rather than
on a very detailed examination of the effects themselves.
An experimental and theoretical study of the wall vis-
cosity, however, should lead to results of importance to
the theory of switching at high fields and may reveal
further applications. For example, the use of tape-
wound toroids, where the easy axis of the tape makes an
angle with the plane of the toroid, should lead to greater
speeds of switching for given applied fields at the ex-
pense of loss in the effective squareness of the hysteresis
loop.

Wall viscosity effects have been looked for in ferro-
electric materials but have not yet been demonstrated
in the samples available. Further investigation may
reveal their presence.

The construction of memories of large size will
necessitate the investigation of techniques for applying
the time dependent effects to three-dimensional core
structures or alternatively to two-dimensional memory
arrays driven by magnetic switches.

The work described has been concerned with the use
of the effects in digital devices only. It seems likely
however that applications will reveal themselves in al-
lied fields such as that of analog computation.

15 A, V. Pohm and S. V. Rubens, “A compact coincident current
memory,” Proc. Eastern Joint Computer Conf., pp. 120-123; Decem-
ber, 1956.
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APPENDIX |

The movement of a domain wall can be represented
by an equation of the form.!®

Lin(#2/r 4+ ¥) + BF = 2(1 — H,)-1,. (1)

Ho is the threshold field for which #=0, approxi-
mately equal to the coercivity, and I, is the saturation
magnetization. The mass per unit area of the wall is
m=¢e/(87y*’A) and has been estimated!®as 10-1%gm/cm?
for Molybdenum Pernalloy. € is the wall surface energy
density per cm?. 4 is the energy exchange parameter de-
fined below and ¥*' is defined in terms of the gyro-
magnetic ratio in (5). 8 is the viscous damping param-
eter and has been shown experimentally!’ to lie in the
range 0.1-1.0.

It can be shown that the acceleration of the wall de-
scribed by (2) under the influence of an external field
will take place in a period not longer than 10m/3~10—°
sec since 3<€0.1.

The inertia term in the equation of wall motion can
therefore be neglected in the consideration of switching
phenomena in Moly Permalloy taking place in periods
of 10 musec or longer.

Since acceleration can be neglected, the distance d
traveled by a domain wall under the influence of an ex-
ternal field can be given as

d =f‘vdt (2)

where

v = 2I,(H — H,)/B, 3)
Kittel'® has shown that

B = 2A(K/ ANV /y* . 4
Where

Y=yt 2818, (5)

v is the gyromagnetic ratio and A is the intrinsic spin
relaxation frequency derived from the phenomonolog-
ical equation of motion.!?

al - 2
N =+y(I X H)+ A(I X H X I)/1%

The anisotropy and strain energy is represented by??

18 N, M. Meunyuk and J. B. Goodenough, “Magnetic materials for
digital computer components 1,” J. Appl. Phys., vol. 26, pp. 8-18;
January, 1955.

17 J. K. Galt, J. Andrus, and H. G. Hopper, “Motion of domain
walls in ferrite crystals,” Rev. Modern Phys., vol. 25, pp. 93-97;
January, 1953.

18 C, Kittel, “Note on the inertia and damping constant of ferro-
magnetic domain boundaries,” Phys. Rev., vol. 80, p. 918;
December 1, 1950.

12 L. Landau and E. Lifshitz, “Theory of dispersion of magnetic
permeability in ferromagnetic bodies,” Physik. Z. Sowjetunion, vol.
8, pp. 153-169; 1935.

20 R. M. Bozorth, “Ferromagnetism,” D. Van Nostrand Co., Inc.,
New York, N. Y., p. 816; 1951.
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K = (Ko + 3\o/2)'2

where Ky is the anisotropy constant, A, the saturation
magnetostriction, and ¢ the tension.
In (4):

A = k8/a.

k is Boltzman’s constant, 8 the Curie temperature, and a
the interatomic distance.

The term B can be expressed in terms of the domain
wall thickness § which is given by Bozorth?® for a 180°
wall parallel to a (100) plane in a material of the iron
type as

5 = 12(A4/K)2. (6)

IFrom (2) through (6), the distance of the wall motion d
in terms of the wall thickness is obtained as

Iv*
12A

/s = f ‘(11 — Hy)d. (7)

For a half sine-wave pulse of width 7 and peak height
I1,, (7) becomes

=T (2 y H) 8
fo= e (= = ). ®
v is a constant independent of the material equal to
1.76-107. The value of A can be assumed to be close to
the corresponding value for Supermalloy which can be
deduced from the width of the ferromagnetic resonance
line for that material as equal to approximately 200
nc.

For Molvbdenum Permalloy Hc~0.07 oersted and
I, =690 emu. Table I shows the peak field for nonde-
structive read-out as H,=0.63 oersted for a 0.1-usec

half sine-wave pulse. Substituting these figures in (7)
gives d/6~2.9,
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APPENDIX [I

McColl® has shown that the effect of eddy currents
in delaying the change in flux in an infinite sheet re-
sulting from a stepwise change of applied field is

B0 8 & st e/

— ¢ ® tlr
ull

1 —

72 ac) n?

or in series form

B _ 8 (e +1 o )
—_— = —_— — (et — e~ ’...’
ull w? 9
where
4oud?
Th= ,
m

d is the thickness of the sheet, o the conductivity, and p
is the permeability which is assumed constant.

In the case under consideration here, the movement
of domain walls makes a minor contribution to the mag-
netization change compared to the spin rotation. The
relevant value of the permeability to be used in (9) is
that for spin rotation rather than wall movement, i.e.,
approximately 4000 emu. The resistivity of Molybde-
num Permalloy is 55 micro ohm-cm and this gives the
time constant of §-mil Molybdenum Permalloy as 7~10
musec.

This indicates that any eddy currents induced at the
start of a 100-musec pulse will have decayed long before
the end of the pulse, and therefore, will not contribute
appreciably to the reset of the magnetization which oc-
curs in the case of nondestructive read-out.
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CORRECTION

C. G. Peattie and J. R. Macdonald, authors of the
Correspondence item, “Prediction of Semiconductor
Surface Response to Ambients by Use of Lewis Acid-
Base Theory,” which appeared on page 1292 of the Sep-
tember, 1957 issue of these PROCEEDINGS, would like to
point out that the last sentence of the second para-
graph should read:

“The extent to which these mechanisms are obscured
by the onset of ionic-like surface currents has yet to be
determined.”

As printed, “are observed” was used instead of the
correct verb “are obscured.”
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This IRE Standard was prepared by a Joint Task
Group composed of members of the IRE Symbols
Committee and the ASA Y32.2 Committee on Graphi-
cal Symbols. It is based upon, and is compatible with,
MIL-STD-16B and avoids the need for two systems
of reference designations where both commercial and
military work may be performed in the same organiza-
tion.

1.0 INTRODUCTION
1.1 Scope

This Standard establishes principles governing the
formation and application of electrical and electronic
reference designations. It also provides a list of desig-
nating letters for parts and assemblies or subassemblies
shown on diagrams (wiring, schematic, etc.) for elec-
trical and electronic equipment.

1.2 Purpose

The purpose of this Standard is to establish two refer-
ence designation methods for use in marking part loca-
tions in equipment and on diagrams of electrical and
electronic circuits for correlating graphical symbols
shown thereon with parts lists and descriptions of and
instructions concerning the circuits.

2.0 UseE

Reference designations, as defined in Section 3 of this
Standard, are for use in equipment, on diagrams, draw-
ings and associated parts lists, in manuals, and in simi-
lar publications. Reference designations are not intended
to replace drawing, part, type, or stock numbers. De-
vice designations for separate power switch-gear and
power control systems are not covered by this Standard.
This Standard does not preclude the use of other than
reference designations. In cases where other designations
are used, it is preferable that the reference designations
be\ used in addition.

3.0 DEFINITIONS
For the purpose of this Standard, the following defi-
nitions shall apply.
3.1 Part

One piece, or two or more pieces joined together
which are not normally subject to disassembly without
destruction of designed use. (Examples: electron tube,
resistor, relay, power transformer, bracket.)

3.2 Subassembly

Two or more parts which form a portion of an assem-
bly or a unit replaceable as a whole, but having a part
or parts which are individually replaceable. (Exam-
ples: filter network, resistor-capacitor board.)

3.3 Assembly

A number of parts or subassemblies or any combina-
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tion thereof joined together to perform a specific func-
tion. (Examples: electric generator, audio-frequency
amplifier, power supply.)

Note: The distinction between an assembly and a
subassembly is not always exact—an assembly
in one instance may be a subassembly in an-
other where it forms a portion of an assembly.

3.4 Unit

An assembly or any combination of parts, subassem-
blies, and assemblies mounted together, normally capa-
ble of independent operation in a variety of situations.
(Examples: receiver, transmitter, power supply, indi-
cator.)

Note: The size of an item may determine whether it

is regarded as a unit or a part. For instance,
a small electric motor may be considered as a
part if it is not normally subject to disassembly.

\
3.5 Set |

A unit or units and necessary assembliesl subassem-
blies, and parts connected or associated together to
perform an operational function. (Examp‘les: search

radar set, radio transmitting set.) ;
1

3.6 Reference Designations |

Reference designations are combinations of letters
and numbers which identify parts, subassemblies,
assemblies, and units of a set on equipment diagrams,
drawings, parts list, technical manuals, etc. The letters
in a reference designation show the class of parts such
as a resistor, coil, electron tube, etc., or identify a sub-
assembly. The number differentiates between parts or
subassemblies of the same class. A reference designation
is not necessarily an abbreviation for the name of an
item.

Note: For applying reference designations, subassem-

blies and assemblies shall be treated as being
equivalent. |

4.0 FORMATION OF REFERENCE DESIGNATIONS
4.1 Letters

4.1.1: The letter or letters of the reference designation
shall be as indicated in Section 6.

4.1.2: Where no confusion will result, the letter F,
in the case of terminals, may be omitted from drawings
and need not be stamped on equipment for such parts as
transformers, panels, sockets, etc.

4.2 Numbers

The number of the reference designation follows the
letter or letters without a hyphen (except as indicated
in 5.2.2) and shall be of the same size and on the same
line. For example C1, S14, and MG5. The assignment
of numbers should preferably start with the lowest num-
ber in the upper left-hand corner of the schematic
drawing of the assembly or subassembly and proceed in
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a logical manner from left to right and from top to bot-
tom as in reading a page of text. However, it is not
required that the series of numbers be necessarily con-
secutive or complete. For instance, in the case of suc-
cessive improvements of a piece of equipment, some of
the parts may be eliminated. Here it is unecessary to re-
designate the remaining parts merely to keep the num-
ber series consecutive. The parts list will usually show
which numbers are missing. Reference designations ap-
plying to eliminated parts or subassemblies should not
be reassigned.

5.0 APPLICATION
5.1 General

Either of two methods of assigning reference desig-
nations shall be used as outlined in 5.2 or 5.3. Only one
method shall be used to identify parts of a given unit.
Insofar as practicable, the same method shall be used
throughout a set, except for units that have been pre-
viously supplied. Normally, the unit numbering method
(5.3) is used on sets or units which contain plug-in
assemblies which will be removed, repaired, and stocked
as single items and the block numbering method (5.2)
is used on sets or units which do not contain multiple
plug-in assemblies.

5.2 Block Numbering Method

5.2.1 Parts: Reference designations shall consist of a
letter(s) which identifies the class to which a part
belongs (see Section 6) and a number identifying the
specific part within that class (see Fig. 1). Parts in the
first unit shall be numbered consecutively from 1 to
199, and parts in the second unit from 201 to 299, etc.
If there are more than 99 parts of a single class in a
unit, or more than 199 in the first unit, two or more con-
secutive blocks of numbers should be assigned. When
additional numbers are required after the blocks have
been assigned, a block which is not consecutive with the
assigned numbers may be used, provided a note ex-
plaining the combination of blocks is included on the
drawing and in the parts list. However, every effort
shall be made to assign blocks of numbers of sufficient
range to avoid the assignment of nonconsecutive blocks
for the same unit.

5.2.2 Subassemblies: Reference designations may be
assigned to nonduplicated subassemblies for convenience
in correlating description with diagrams but must be
assigned for duplicated assemblies and units. (See
5.22.1 and 5.2.2.2.) However, the assignment of a
reference designation to a subassembly does not pre-
clude the necessity of assigning designations to each of
its individual parts.

5.2.2.1 Reference Designation for Idemtical Subassem-
blies: Identical subassemblies that are duplicated within
a unit or used in other units of the same or different
sets shall be assigned reference designations. Parts with-
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c295

Fig. 1—Application of reference designations using the block
numbering method.

in such subassemblies shall be assigned basic (incom-
plete or abbreviated) reference designations. The letter
portions shall be as specified in Section 6. The number
portion shall start with the number 1 and run consecu-
tively. Examples: R1, C1, T1, T2, K3. The complete
identification of the parts in these subassemblies shall
be made by prefixing the basic designation by the
subassembly reference designation. Examples: A1R1,
A201R1, A202R1. On the diagrams and drawings where
the incomplete reference designations are used, a note
shall be included substantially as follows:

“Reference designations are incomplete. For com-
plete identification, prefix the part designation with
the subassembly designation.”

Where incomplete designations are used on only a
portion of a diagram, the note shall specify the portion
of the diagram to which it applies.

5.2.2.2. Identical units: If a set includes two or more
identical units, the reference designation of the parts
in each unit shall be identical.

5.3 Unit Numbering Method

5.3.1 Identification of Units: An identifying number
shall be assigned to each unit. This number shall start
with one and run consecutively for all units of the set.
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NOTE:
REFERENCE DESIGNATIONS

wi!

i
|
{
|
| |
|
=l |

2A4P1

ARE INCOMPLETE. FOR
COMPLETE IDENTIFICATION,
PREFIX THE PART DESIGNA-
TION WITH THE SUBASSEM-
BLY DESIGNATION.

| A3
cFTTTTT T |
| |
| |
i |
’,--__1 :
|
: : | (Designations in
L PART NO.13862-50I | small rectangles

are explanatory,
not part of actual
drawing).

Fig. 2—Application of reference designations using the unit numbering method.

This number is the equivalent of a reference designa-
tion of the unit. An exception is made for units which
are enclosed within the same cabinet, mounted in a
common rack or otherwise similarly joined together
with other units, subassemblies, etc. In this case the
units shall be treated as subassemblies.

5.3.2 Subassemblies and Parts not Integral with Sub-
assemblies: The complete reference designation of a
part which is not an integral part of a subassembly, con-
sists of the unit number identifying the specific unit,
a letter(s) identifying the class to which the part be-
longs (Section 6), and a number identifying the specific
part within that group. Numbers within each class of
parts shall start with one and run consecutively. Sub-
assemblies shall be identified in the same manner as
parts that are not integral with a subassembly. Exam-

ples:
2 J 1
Unit No. Class of Part Part No.

1C2 Second (2) capacitor (C)* of first (1) unit.
4R11 Eleventh (11) resistor (R)* of fourth (4) unit.
5T6 Sixth (6) transformer (T)* of fifth (5) unit.
8V9 Ninth (9) electron tube (V)* of eighth (8) unit.
3A2 Second (2) subassembly (A) of third (3) unit.

* Parts not integral with subassembly.

5.3.3 Parts of Subassemblies (or Subassemblies of
Subassemblies): The complete reference designation of a
part of a subassembly consists of the unit number
identifying the specific unit; the letter “A” identifying
a subassembly, a number identifying the specific sub-
assembly; a letter(s) identifying the class of items to
which the part belongs, and a number identifying the
specific part. Numbers within each class shall start
with one and run consecutively. Subassemblies of sub-
assemblies are identified in the same manner as parts of
subassemblies. Examples (see Fig. 2):

2 A4 C3
_ . =

Unit No. Subassembly Part
Letter and No. Class and No.

1A3R4 Fo(ulr)th (4) resistor (R) of third (3) subassembly (A) of first
unit.
2A4C1  First (1) capacitor (C) of fourth (4) subassembly (A) of
second (2) unit.
6A1T10 Tenth (10) transformer (T) of first (1) subassembly (A)
of sixth (6) unit.
11A2A3 Third (3) subassembly (A) of second (2) subassembly (A)

of eleventh (11) unit.

5.3.4 Expansion of Method: The unit numbering
method can be expanded as much as is necessary (in the
manner described in 5.3.3) to permit identification of
items resulting from any degree of subdivision required
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for fabricating or stocking purposes. However, every
effort should be made to keep application of the method
as simple as possible. Examples of extension of the sys-
tem are:

1 A2 A1l R2

N\ T

Unit Subassembly Sub-Subassembly Part
No. Letter and No. Letter and No. Class and No.
9A3A1R11 Eleventh (11) resistor (R) of first (1) subassembly (A)
of third (3) subassembly (A) of ninth (9) unit.
6A9AST7  Seventh (7) transformer (T) of fifth (5) subassembly (A)
of ninth (9) subassembly (A) of sixth (6) unit.
3A10A2A1  First (1) subassembly (A)* of second (2) subassembly

(A) of tenth (10) subassembly (A) of third (3) unit.

* Such as an IF transformer.

5.3.5 Subassemblies and Parts not Integral with Units:
Subassemblies and parts not associated with units (such
as interconnecting cables) may be identified if desired.
If designations are assigned, the subassemblies and
parts shall be identified in the same manner as those
associated with units, except for the omission of the
unit number.

5.3.6 Abbreviated reference designations: Abbreviated
reference designations may be used on diagrams, draw-
ings, and units when the appropriate unit and subassem-
blies are evident. For these applications, the reference
designation may be limited to the class letter(s) and
the number identifying the subassembly or part. For
example: C6, L12, A2, etc. (Sce Fig. 2.)

Where parts comprising a subassembly are scattered
throughout a drawing, a sufficient portion of the com-
plete reference designation shall be included to permit
positive identification. Examples: A3C2-—for the second
capacitor in subassembly three, where the unit number
is evident and has been omitted. On diagrams, drawings,
and units, either the complete reference designation
shall be used or, where abbreviated reference designa-
tions are used, a note shall be included substantially as
follows:

“Reference designations are incomplete. For com-
plete identification, prefix the designations with unit
number or assembly designation or both.”

5.3.7 Identical Units: Different unit numbers shall be
used to identify identical units of a set. However, except
for the unit number, the reference designations of all
subassemblies and parts shall be the same as for cor-
responding items of identical units. For example: If
units 3 and 9 are identical, and a particular resistor of
unit 3 is designated 3R10, the corresponding resistor in
unit 9 will be 9R10.

5.3.8 Identical Assemblies: Different reference desig-
nations shall be used to identify identical assemblies of
a unit. However, the reference designations assigned to
all the subassemblies and parts of the assemblv shall be
the same as of other identical assemblies. For example:
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If the third assembly of unit 6 (6A3) and the fourth
assembly of unit 8 (8A4) are identical, and a particular
capacitor in 6A3 is designated 6A3C11, the correspond-
ing capacitor in 8A4 will be 8A4C11.

5.4 Suffix Letters

Parts having multiple characteristics or all portions
of such parts as relays, capacitors, that for drawing
simplicity are shown separated from one another on
schematics, shall be identified by adding a suffix letter
to the reference designation of the composite item. The
suffix letters shall start with A and run consecutively.
For example: C2A, C2B, and C2C identify each por-
tion of triple capacitor C2, and V2A and V2B identify
each portion of electron tube V2.

5.5 Marking

The reference designations shall be located adjacent
to each subassembly and part and shall be marked on
the chassis, back of the front panel, on partitions, on
insulator strips, etc. Reference designations shall not
be marked on parts and subassemblies which are sub-
ject to replacement (this does not preclude marking of
parts within such subassemblies). The reference desig-
nations shall be marked in such a position as to physi-
cally locate the parts and yet be readily visible for
purposes of maintenance without removal of other parts.
The primary intent of this requirement is that removal
of a part or subassembly shall not result in loss of identi-
fication of the physical location of that part or sub-
assembly. Reference designations marked on an identi-
cal subassembly as defined in 5.2.4, or on any sub-
assembly thereof, shall be abbreviated as necessary to
permit subassemblies to be used in multiple applications.
If space limitations preclude such marking, as an alter-
nate, a diagram showing the location of parts or sub-
assemblies shall be placed on the subassembly or unit,
respectively, where the diagram is visible when the
parts or subassemblies are viewed. The requirements in
this paragraph for marking do not apply to consumer
products where it is not customary to mark reference
designations on the equipment.

5.5.1 Enclosed Parts: Reference designations for parts
enclosed in separate and removable shields or compart-
ments may be marked on the shields or supporting
structures for such parts, provided that the replacement
of such parts does not require destruction of the original
shields or supporting structures and provided that such
shields or supporting structures are not interchangeable
with other shields or supporting structures within the
unit. Reference designations shall not appear on electron
tube shields.

5.5.2 Plug-In Parts and Sockets: Reference designa-
tions of such parts as electron tubes shall be marked
next to the socket of the part on the insertion side of the
chassis or supporting structure. Reference designations
of sockets shall be marked next to the socket on the
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wiring side of the chassis. If space limitations preclude
such marking, a diagram showing the location of the
parts and sockets shall be placed where it is visible when
viewing either the parts or the bottom of the sockets.

5.5.3 Abbreviated Reference Designations (Unit Num-
bering Method): When abbreviated reference designa-
tions are marked on the unit under the unit numbering
method, a note shall be included on an indentification
plate in a prominent place on the unit substantially as
follows:

“Reference designations are incomplete. For com-
plete identification, prefix the part designation with
the subassembly designation—Unit No. 3.”

Those units that are duplicated within a set or used
in more than one set shall omit the unit number on this
note and leave a space where the number can be marked
in by hand.

5.5.4 Abbreviated Reference Designations (Block Num-
bering Method): When abbreviated reference designa-
tions are used for removable subassemblies under the
block numbering method (see 5.2.2.1), a note similar to
the one shown in 5.2.2.1 shall be marked in a prominent
place on the subassemblies.

5.5.5 Method: Reference designation markings shall
be permanent and legible. The markings on plastic
or metallic materials should be effected by some method
such as stamping, engraving, silk screening, or stencil-
ing with smudgeproof ink covered with a coat of clear
lacquer. Paper labels or decals are not recommended
for reference designation markings.

5.6 Special Procedures

5.6.1 Sockets: A socket or fuseholder which is
always associated with a single particular part or sub-
assembly, such as an electron tube, fuse, or printed cir-
cuit board (not containing a separate electrical con-
nector), shall be identified by a composite reference
designation which includes the class letter “X” and the
letter(s) and number which identifies the associated
part or subassembly. For example, the fuseholder for
fuse F7 would be identified as XF7, and the socket for
electron tube 10V3 would be identified 10XV3, etc.

5.6.2 Connectors: When reference designations are
required to identify cables and connectors, the reference
designation of the movable connector and adapter shall
be included in parentheses on drawings and diagrams,
at the stationary connector marking. Similar identifica-
tion may be made at the movable-connector designa-
tion, if desirable. Whenever possible, the final digit of the
part number shall be the same for the stationary and the
movable connectors.

For example: a. Jt b. 2J1
(P301) (CP1)
(W4P1)

5.6.3 Potted, Embedded, or Hermetically Sealed Sub-
assemblies: A potted, embedded, or hermetically sealed
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subassembly ordinarily replaced as a single item shall
be treated as a subassembly for reference designation
marking purposes.

6.0 LisTs oF DESIGNATING LETTERS
6.1 Item Names

Certain names in the following lists may apply to
either a part or a subassembly. When the item is a sub-
assembly, the letter “A” may be used in lieu of the
letters listed, except in the case of wire and cable.

6.2 Classes of Parts

Classes of parts included in 6.4 have been marked
with an asterisk to facilitate the designation of parts
not specifically included in the list. In case of doubt, a
letter or letters already assigned to the part or class
most similar in function should be used.

6.3 Alphabetically by Part Name

Accelerometer

Adapter, connector
Alarm

Amplifier (other than rotating) !
Amplifier, rotating
Annunciator

Antenna; aerial

Arrester, lightning
Artificial line

Assembly

Attenuator

Audible signaling device
Autotransformer

Ballast lamp, ballast tube
Barrier photocell

w A > O
—3<~1~13»—1>wmm80>8~c>

Battery
Bell DS
Bimetallic strip E
Block, connecting TB
Blocking layer cell \Y
Blower; fan; motor; prime mover B
Board, terminal TB
Breaker, circuit CB
Brush E
Buzzer DS
Cable W
Capacitance bushing C
Capacitor C
Carbon block E
Cavity, tuned Z
Cell, aluminum or electrolytic E
Cell, light-sensitive, photoemissive, or photo
conductive \Y
Chart N
Choke L
Circuit breaker CB
Clock M
Coil, hybrid HY



1957

Coil, induction, loading, relay operating, re-
tardation, tuning

Coil, induction (telephone usage), repeating
(telephone usage)

Coil, repeating

Computer

Connector, receptacle, electrical (with male,
feniale, or male and female contacts and de-
signed to be mounted on a bulkhead, wall,
chassis or panel)

Connector, plug, electrical (with male, female,
or male and female contacts, constructed to
be affixed to the end of a cable, conduit, co-
axial line, cord or wire)

Contact, electrical

Contactor (electrically operated)

Contactor (mechanically or thermazlly oper-
ated)

Counter (indicating device)

Counterpoise

Coupler, directional

Coupling (aperture, loop or probe)

Crvstal detector

Cryvstal diode

Crystal, piezoelectric

Crvstal unit

Cutout, thermal

Delay line

Detector, crvstal

Device, indicating (except meter or thermome-
ter)

Dial (circuit interrupter)

Diaphragm

Dipole antenna

Disconnecting device

Discontinuity

Drop

Dynamotor

Electron tube

Equalizer

Exciter

Fan

Filter

Flasher

Fuse

TFuscholder (see 5.6.1)

Gap

Gauge

Generator

Governor switch

Gyvroscope

Handset

Hardware; bolts; nuts; screws

Head, erasing, recording, reproducing

Headset

Hearing aid

Heater (element for thermostat, oven, etc.)

-

— -

AT

NP
HS

PU
HT
HT
HR

IRE Standards on Reference Designations

Heating lamp

Hybrid coil or junction

Hydraulic part

Indicator

Inductor

Instrument

Insulator

Interlock, mechanical

Interlock, safety, electrical

Jack—see Connector, receptacle, electrical

Junction, hybrid

Junction (tee or wye), coaxial or waveguide

Key switch

Key, telegraph

Lamp, ballast

[.amp, heating

Lamp, illuminating

LLamp, pilot

Lamp, resistance

[.amp, signal

LLampholder

Line, artifcial

Line, delay

Loop antenna

Loudspeaker

Magnet

Magneto

Mechanical part

Meter

Microphone

Mode suppressor

Mode transducer

Modulator

Motor

Motor-generator

Mounting (not in electrical circuit and not a
socket)

Nameplate

Network, general (where specific letters do not
fit, when considered as a part)

Oscillator (excluding electron tube used in
oscillator), magnetostriction oscillator

Oscillograph

Oscilloscope

Pad

Part, miscellaneous electrical

Part, hydraulic

Part (miscellaneous
coupling; gear; shaft

Part, structural

Path, guided transmission

Pickup; erasing head; recording head; repro-
ducing head

I’hototube

Plug—see Connector, plug, electrical

Potentiometer

Power supply; source of power

mechanical); bearing;

1499

HR
HY

U
DS

19
MP

Hy
cp
S

RT
HR
DS
DS
RT
DS

DL

LS

MP
M
MK

MT

MG

MP
N

\7
M
M

AT
1B

U

NP
NP
W

Pu
\/7

o =
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Prinie mover

Protector (carbon-block or gap)

Receiver, telephone (not part of handset)

Receptacle (connector, fixed)

Rectifier, crystal or metallic

Regulator, voltage (except an electron tube)

Recorder, elapsed time

Recorder, sound

Reed, vibrating

Register, message

Relay  (electrically
switch)

Repeater (telephone usage)

Reproducer, sound

Resistive termination

Resistor

Resistor, current regulating

Resistor, variable

Resolver

Resonator

Rheostat

Ringer, telephone sct

Selenium cell

Sensor

Shield, electrical

Short

Shunt

Slip-ring

Socket (sce 5.6.1)

Solenoid

Sounder, telegraph

Speaker; loudspeaker

Speed regulator

Strip, terminal

Structural part

Subassembly

Switch (mechanically or thermally operated)

Synchro

Taper, coaxial or waveguide

Telephone station

Teleprinter

Teletypewriter

Terminal, individual

Terminal board or strip

Termination, resistive

Test block

{Test point

Thermistor

Thermocouple

‘Thermometer

Thermostat

Timer

Transducer

Transducer, mode

Transformer

operated

contactor or

B

E
HT
J
CR
VR
Y|
A
NP
M

K

RP

AT
R
RT

B
I
R
DS
CR

E
E
R

X
L.
DS
1.S

=z =
=W w»n

=
SHWEmE ST n e

M
AMT
MT

T

t Not a reference designation, but included in this listing to per-

mit usage in connection with reference designations where required.
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T'ransistor Q
Transmission path W
Transmitter, telephone MK
Tube, electron \Y
Tuned cavity 7z
Tuned circuit Z
Varistor, asymmetrical CR
Varistor, svimmetrical RV
Vibrator, indicating DS
Vibrator, interrupting G
Visual signaling device DS
Voltage regulator (except an clectron tube) VR
Waveguide W
Winding 1.
Wire W

6.4 Alphabetically by Letters

*A
AT
*B

BT
C

CB
Cp

CR

D
DC
DL
DP
*DS

*E

Assembly; subassembly

Attenuator; pad; resistive termination

Blower; fan; motor; prime mover; resolver:
synchro

Battery

Capacitor; capacitance bushing

Circuit breaker

Coupling (aperture, loop, or probe), coaxial
or waveguide junction (tee or wye); adapter,
connector

Crystal detector; crystal diode; crystal unit;
crystal, contact or metallic rectifier; sele-
nium cell; varistor, asymmetrical

Dynamotor; converter; inverter

Directional coupler

Delay line

Diaphragm

Indicator; miscellancous illuminating or indi-
cating device (except meter or thermometer)
such as: alarm; annunciator; audible or visu-
al signalling device; bell; buzzer; drop;
flasher; pilot, illuminating or signal lamp;
telegraph sounder; telephone set ringer;
vibrator (indicating)

Miscellaneous electrical part such as: aerial;
aluminum or electrolvtic cell; antenna: bi-
metallic strip; binding post; brush; carbon
block; cord tip; counterpoise; dipole an-
tenna; electrical shield; clectric contact;
gap; individual terminal; insulator; light-
ning arrester; loop antenna; magnet; pro-
tector; resonator; short; slip ring

12Q Equalizer

D Fuse

FL Filter

G Exciter; generator; magneto; rotating amph-
fier; vibrator (interrupting)

*H Hardware; bolts; nuts; screws: etc.

* See 6.2.
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HR
HS

HT
HY

L

LS
*A

MG
MK
*MP

MT

T Z

PU

0O
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Heater (element for thermostats, oven, etc.),
heating lamp

Handset

Headset; hearing aid; telephone receiver

Hybrid coil: hybrid junction

Connector, receptacle, electrical (with male,
female, or male and female contacts and
designed to be mounted on a bulkhead, wall,
chassis, or panel); jack; receptacle
Relay (electrically operated contactor or
switch)

Choke; inductor; loading coil; relay operating
coil; retardation coil; solenoid; tuning coil;
winding

Loudspeaker; speaker

Meter; clock; counter (indicating device);
elapsed time recorder; gauge; instrument;
message register; oscillograph; oscilloscope;
thermometer; timer

Motor-generator

Microphone; telephone transmitter

Miscellaneous mechanical part such as: bear-
ing; coupling; gear; mechanical interlock;
shaft; vibrator reed; gyroscope; structural
part; mounting (not in electrical circuit and
not a socket)

Mode transducer

Plate, identification chart; nameplate; etc.

Connector, plug, electrical (with male, female,
or male and female contacts, constructed to
be affixed to the end of a cable, conduit,
coaxial line, cord or wire); plug

Pickup; erasing head; recording head; repro-
ducing head

Transistor

Resistor; shunt; resistor, variable; potentiome-
ter; rheostat

RP Repeater
RT  Current regulating resistor; ballast lamp;
resistance lamp; thermistor
RV  Symmetrical varistor
Switch (mechanically or thermally operated):
contactor; disconnecting device; dial (cir-
cuit interrupter); electrical safety interlock;
governor switch; interlock; speed regulator;
telegraph key; thermal cutout; thermostat
T Transformer: autotransformer; IF transform-
er; repeating coil (telephone usage); trans-
former, waveguide or coaxial taper; in-
duction coil (telephone usage)
TB  Terminal board; connecting block; group of
individual terminals on its own mounting;
terminal strip; test block

wn

TC  Thermocouple

tTP  Test point

*U Hvdraulic part

\Y Electron tube; barrier photocell; blocking layer

cell; light-sensitive cell; photoemissive cell;
photoconductive cell; phototube
VR  Voltage regulator (except an electron tube)
*\V  Cable; coaxial cable; guided transmission
path; waveguide; wire

X Socket; fuseholder; lampholder (sce para.
5.6.1)
Y Oscillator (excluding electron tube used as an

oscillator); piezoelectric crystal; magneto-
striction oscillator

Z Artificial line; discontinuity; tuned cavity;
tuned circuit; network

t Not a reference designation, but included in this listing to per-
mit usage in connection with reference designations where required.
* See 6.2.
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Design of Transistor Regulated Power Supplies”
R. D. MIDDLEBROOKY, MEMBER, IRE

Summary—A new form of transistor series regulated power sup-
ply is presented which permits unusually good performance char-
acteristics to be realized with simple and economical circuitry.
Expressions are given for the open-circuit output voltage and the
output resistance in terms of the supply voltages and the circuit
parameters. Application of the new circuit to two practical laboratory
regulated power supplies is described, the specifications of which
are: 0.5 ampere at 18 to 22 volts, and 1 a at 5 to 25 v. The output
resistance is of the order of 0.01 ohm for both supplies; for sudden
change of load current between minimum and maximum the tran-
sient in output voltage is 80 mv or less, and decays in 40 pusec or less.
At full load, ripple in the output voltage is less than 5 mv and line
voltage variations of + 10 per cent produce output variations of less
than 5 mv. Each supply uses only one line transformer.

I. INTRODUCTION
Vll NHE DESIGN of vacuum tube regulated power

supplies is well-established. Such supplies are

suited for powering equipment in which relatively
low currents at high voltages are required. However, for
high-current low-voltage applications, vacuum tube
supplies become bulky and inefficient, and the design is
conveniently implemented with transistors instead of
with tubes. Although various types of transistor regu-
lated power supplies have been described!~5, most of
these possess comparatively low current ratings and
poor transient response unless rather complex circuitry
is used.

This paper presents a new form of transistor series
regulated power supply which permits unusually good
performance characteristics to be realized with simple
and econoniical circuitry. Expressions are given for the
regulated output voltage and the output resistance in
terms of the supply voltages and circuit parameters,

Practical circuits for two laboratory regulated power
supplies are presented. The input in each case is 110 v
60 cps and the other specifications are as follows:

Supply No. 1: 0.5 a at 18 to 22 v, output resistance
0.03 ohm.

Supply No. 2: 1 a at 5 to 25 v, output resistance
<0.01 ohm.

* Original manuscript received by the 1RE, February 4, 195'{;
revised manuscript received, July 15, 1957. The work described in this
paper was performed for ElectroData Corp., Div. of Burroughs,
Pasadena, Calif., and is reported by kind permission of ElectroData
Corp.

?lilec. Eng. Dept., Calif. Inst. Tech., Pasadena, Calif.

V'S, Sherr and P. M. Levy, “Design consideration for semicon-
ductor regulated power supplies,” Electronic Design, vol. 4, pp. 22—
25; July 15, 1956. )

? F. H. Chase, “Power regulation by semiconductors,” Elec. Eng.,
vol. 75, pp. 818-822; September, 1956. i

3 J. W. Keller, “Regulated transistor power supply design,” Elec-
tronics, vol. 29, pp. 168-171; November, 1956,

* M. Lillienstein, “Transistorized regulated power supply,” Elec-
tranics, vol. 29, pp. 169-171; December, 1956.

& 1.. P. Hunter, “Handbook of Semiconductor Electronics,” Mc-
Graw-11ill Book Company, Inc., New York, N. Y., pp. 13.26-13.28;
1956.

The transient response of each supply is excellent: sud-
den increase of load current from zero to maximum pro-
duces a transient in output voltage of less than 80 mv
with a recovery time of about 10 usec; sudden decrease
of load current from maximum to zero produces a tran-
sient in output voltage of less than 40 mv with a re-
covery time of about 40 usec. At full load, ripple in the
output voltage is less than 5 mv and line voltage varia-
tions of + 10 per cent produce output voltage variations
of less than 5 mv. Each supply uses only one line trans-
former.

II. QuaLITATIVE DEVELOPMENT OF THE NEW
SERIES REGULATOR CIRCUIT

A simple form of standard series regulated power
supply using p-n-p transistors is shown in Fig. 1. The
voltage E is the regulated output and L, is the unregu-
lated “raw” input voltage with internal resistance R,
It is required that the voltage E should be as constant
as possible with respect to load current I for both
steady-state and transient conditions, and should be as
independent as possible of input voltage and circuit
parameter variations.

If in Fig. 1, the base current of the transistor T4 is
neglected compared to the current through the potential
divider, and if the base current of transistor 711 is neg-
lected compared to the collector current of 74, an
equation for the output voltage mav be simply derived
as follows. In the steady state the output voltage E is
given by

E = n(e+ v) (1)

where

e =the reference voltage developed across the zener
diode D1,

v=the emitter-to-base dc voltage of 74 (approxi-
mately a tenth of a volt), and

n =ratio of the potential divider as defined in Fig.1.

At any given load current 7, there will be a voltage drop
between the emitter and base of 71 which is approxi-
mately R.I, where R, is the effective emitter-to-base
resistance of 7'1. The voltage v at the mput of 74 adjusts
itself so that the collector current of T1 produces a
voltage drop 1" across resistance R so that

V=E,—-RJ—E—R, (2)
Combining (1) and (2) gives
E, R, + R.
L= ne-f————)—(——f >1 3
e+ ) - (%5 @
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Fig. 1—Simple series regulator circuit, in which E is the regulated e + vy +3

output voltage, and the supply voltage is E; with internal re-
sistance Ry. The output resistance is approximately (R, +R;)/G.

where G = V/nv, and is the dc gain of T4 and the poten-
tial divider. It is assumed that G>>1 in the derivation of
(3).

In an ideal regulator E =ne, and thus (3) indicates the
extent to which the circuit of Fig. 1 fails to be ideal. The
undesired terms in (3) show that a practical regulator
exhibits a finite output resistance and that the open-
circuit output voltage is partially dependent on the
raw supply voltage. In a typical case, suppose that the
power supply is to provide zero to 1 a at 20 v and let
e=5v, R.=1 ohm, R,=9 ohm, and G=10. At maxi-
mum load of 1 a, 9 v will be dropped in the internal re-
sistance R, of the raw supply, so in order to maintain at
least 1 v reverse bias between the base and collector of
T1, the supply voltage E, must be at least 30 v. To
provide E =20 v with e=5 v requires n =4 if the regu-
lator approaches ideal performance. Substitution of the
given figures into the undesired terms of (2) shows that
E,/G=3v, (R,+R.)/G=1v at 1 a load current. Thus
if there is any variation in E, (such as change in supply
voltage or ripple) the variation in the output voltage E
is 3/20 of the variation in E,. The factor (R,+R.)/G=1
ohm is the output resistance Ro of the regulated supply,
which is an improvement by about a factor of 10 over
the output resistance R, of the raw supply.

However, an output resistance of 1 ohm is still too
high for many applications. A circuit modification which
will further reduce the output resistarce presents itself
after a qualitative examination of how the circuit of Fig.
1 operates when the load current I is changed.

In the circuit of Fig. 1, an increase in load current
tends to cause a drop in output voltage E not only be-

Fig. 2—Principle of the new series regulator circuit, in which
the output resistance is reduced approximately to R,/G.

cause of the larger drop R,/ in T'1, but also because of
the larger drop R, in the internal resistance of the raw
supply E, which is connected to the output via the re-
sistor R and transistor T'1. Thus the amplifier T4 is re-
quired to compensate for both these drops, and hence
the factor (R,+R,) occurs in (3). Obviously, if some
means could be found to maintain the voltage at the
top end of R constant with respect to changes in load,
the output resistance would be equal to R,/G instead of
to (R,+R.)/G, or 0.1 ohm instead of 1 ohm for the
above numerical values. This may be accomplished by
the circuit of Fig. 2, in which the top end of R is con-
nected to a voltage more negative than the output volt-
age by a fixed amount, The presence of the zener diode
D2 insures that the voltage at the top end of Ris always
essentially constant for all load currents, and thus the
above conditions for lower output resistance are real-
ized.

An expression for the output voltage E in the circuit
of Fig. 2 is easily obtained by substituting E-+e¢’ for
E,—R,Iin (3), which leads to

E + ¢ _%&,
ne G ¢’ 4)
It is seen that the output resistance Ry is indeed R,/G,
or 0.1 ohm for the figures given previously. Further, the
output voltage is independent of E, and the auxiliary
supply E;, and thus E will be independent of supply
voltage variations or ripple.

It is apparent that the circuit of Fig. 2 provides a

marked improvement over that of Fig. 1, and vet re-
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quires only two more components and an extra (low-
current) supply voltage. The simple semiquantitative
discussion above is sufficient to explain the principle of
the modified regulated supply circuit of Fig. 2, but in
practical circuits several additional factors must be
taken into account. The most important of these are
that the zener reference diodes D1 and D2 possess finite
dynamic resistance (thus the voltages ¢ and e’ are not
quite constant for different currents), and that for maxi-
mum load currents in excess of a few milliamperes the
base current of 71 will certainly not be negligible com-
pared to the collector current of 74. All these factors
affect the gain G of 74, and also cause the output volt-
age not to be completely independent of the supply
voltage. A more detailed analysis of this new circuit
follows in the next section.

I11I. ANAaLYsSIS OF THE REGULATOR CIRCUIT

A practical embodiment of the principle described in
the previous section is shown in Fig. 3. The most im-
portant change is the addition of two more transistors
72 and T3, connected as emitter followers, to provide
current amplification so that load currents of several
amperes may be drawn, and yet to keep the base cur-
rent of 73 small enough to be comparable with or
smaller than the collector current of T4. A base current
in T3, which is not negligible compared to the collector
current of T4, means that the input resistance of T3
shunts appreciably the resistance R. The three transis-
tors T1, T2, and T3 will usually be adequate for load
currents up to 1 a. An ammeter will normally be re-
quired to monitor the load current, and must be in-
serted inside the feedback loop; otherwise, the output
resistance of the supply will be increased by the resist-
ance of the meter.

If the dc current through the transistor T4 is insuffi-
cient to maintain the reference diode D1 in the break-
down region, the auxiliary supply E, may be necessary
to provide extra current. It is desirable that E,; be ob-
tained from the same line transformer that supplies the
external load current, in which case E, will contain a
ripple component and will vary with load current I ow-
ing to the imperfect regulation of the raw supply. This
effect may be accounted for by supposing the supply
E, to contain a “transfer internal resistance” R,, which
may be of the order of 10 ohms. The other auxiliary
supply E; will possess in a similar way a transfer internal
resistance R;.

The resistance R; is very small, of the order of a
fraction of an ohm, and is inserted to provide positive
feedback proportional to the load current so that the
output resistance of the regulated supply can be made
zero or slightly negative. The feedback resistance may
not always be necessary, but will be included in the
analysis so that its effect can be evaluated. |

Analysis of the circuit of Fig. 3 requires finding the
equation corresponding to (4) for the regulated output
voltage, and is conveniently broken down into two
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parts. First, an expression for the collector current 7 of
transistor 72 is found in terms of the output voltage E
by consideration of the voltage amplifier part of the cir-
cuit to the right of the dashed line in Fig. 3. Second,
an expression for E in terms of 7 is obtained by consid-
eration of the current amplifier part of the cifCtlit to the
left of the dashed line in Fig. 3. Elimination of ¢ from
the two resulting equations leads to the desired expres-
sion for the output voltage E:

r ro1 1
E = |in6+EbnE2+1€ EEl—i—Ee:l
_ II:(Rel + Res + Res) + R/B1B:B;s
G
7R1 + Rn + s nRy — 1+ an:| (5)
(Ro/7YG Ry n

where
e, r =the reference voltage, dvnamic resist-
ance of zener diode D1,
e¢’, r' =the corresponding quantities of zener
diode D2,
R,,=the resistance of the ammeter,
B, By, By=the common-emitter dc current gains of
71, 72, T3,

R.1, Res, Rez=ceffective emitter-base resistances of 71,
T2, T3 (defined in each case as the
ratio: change in emitter-base voltage/
change in load current 7),

n=the ratio of the potential divider, de-
fined as in Fig. 1,

G =is the dc gain of the potential divider
and the amplifier 74,

and the other quantities are as shown in Fig. 3. The
gain G corresponds to the quantity V/mez previously
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mentioned, and is given by

G = R/”['e +r+ (r, + 'b)/B-i] (6)

where 7, is the resistance of the two potential divider
resistors in parallel, and r., 7,, and By are the emitter
resistance, base resistance, and common-emitter dc cur-
rent gain of T4,

In the derivation of (5), the following good approxi-
mations are made:

B >> 1 for all transistors (7N
Ry>>r (8)
R.>71 9

R>7 (10)

(R,/7)G > 1. (11)

It is further assumed that the load current I is consider-
ably larger than the current drain through the potential
divider, and is also considerably larger than the current
through the diode D2,

Eq. (5) may be written

E = Ey — Rol (12)

where I is the open-circuit output voltage and Ry is the
efiective output resistance of the regulated supply. The
criteria of a satisfactory design are that F, should be as
independent as possible of the raw supply voltages
E,, Ey, and E,, and the output resistance should be as
small as possible (less than 1 ohm). Eq. (5) shows the
relative effects of the raw supply voltages and the vari-
ous internal resistances which cause the output voltage
to deviate from the ideal value E=ne. A discussion of
the implications of (§) is desirable, and is given in the
next section.

I'V. DISCUSSION OF THE ANALYTICAL RESULTS

Consider first the effects of the raw supply voltages on
the open-circuit output voltage Fo, where, from (5) and
(12),

e +rE+r’1F+l’
5y = ne + — nkE — — E — .
0 R 2 R 1 G

b a

(13)

In an ideal regulator Eo=ne, and thus the other terms in
(13) are undesirable and should be minimized in a good
design. In order to obtain a high value of the ratio R,/7’,
the supply FE; should be at least twice the output volt-
age E. lLet tvpical figures again be taken of e=35 v,
n=4; then E, will be equal to 20 v plus correction terms.
The supply I should be at least 40 v, and for G=10
and R,/r’=100 the term in E,; is equal to 0.04 v, or 0.2
per cent of the output voltage. Thus FE, is almost com-
pletely independent of F;, and practically none of any
ripple on E; will get through to the output.

In some cases the supply E; will not be required at all,
since sufficient dc current to break down the reference
diode D1 ma'\: be available through transistor T4. In
this case, of course, the terms in E, will not appear in the

Middlebrook: Design of Transistor Regulated Power Supplies
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equation for ;. However, if extra current is required
for the diode D1, it may be obtained from the supply
E, in which case E;=F,. For ££,=30 v, the ratio Ry/r
may be about 100, and so the term in E, in (13) will be
equal to 1.2 v. This represents 6 per cent of the output
voltage Iy, a figure which is undesirably high since vari-
ations in line voltage and ripple will thus be transmitted
to the regulated output with appreciable magnitude. A
way to overcome this problem is to make E; equal not
to E, but to E; that is, to derive the extra current for
D2 from the regulated output instead of from the raw
input. Putting E.=E in (5) leads to

. 1 L S U S
" 1—m/R,,<"e+R,, ¢t e) (19
and the result is essentially the same as when E,=0
except that the no-load output voltage is increased by
the factor 1/(1 —nr/Ry) which, however, is close to unity.

The remaining term to consider in (5) is that in ¢’. If
¢’ =5 v, this term amounts to 2 per cent of the output
voltage and is not detrimental since ¢’ is itself a refer-
ence voltage.

Tosummarize the above discussion of the open-circuit
output voltage, the typical numerical values obtained
above are shown below in a form in which the terms
correspond to those in (14), where E;=E:

1
Fo = ™ (20 + 0.04 + 0.5) (15)

1-0.

Iio = 21.36 v. (16)

Consider next the effects of the various internal re-
sistances on the output resistance Ry. From (5) and (12),
_ (Rel + Re2 + Res) + R/B13233

G

Ri+ R, r 14+n
——+ — uRy, —
(R.,/f’)G Rb

Ko

Ry. 17)

In an ideal regulator R, should be as small as possible,
and hence all the terms in (17) should be minimized in a
good design. Each term which contributes to the output
resistance Ry can be identified with an independent proc-
ess occurring in the circuit of Fig. 3.

The quantity (R.,+ R+ R.3) is the total effective in-
ternal resistance of the current-amplifving transistors
T1, T2, and T3 and corresponds to the internal resist-
ance R, of the single transistor shown in the circuit of
Fig. 2. As predicted by the simple analysis given in con-
nection with Fig. 2, the internal resistance of the cur-
rent-amplifying transistor contributes a term (R.;+ R.q
+R.;)/G to the output resistance of the supply. How-
ever, in the simple analysis it was assumed that the base
current of the current-amplifving transistor was negli-
gible compared to the current through R, that is, the re-
sistance looking into the base of the current-amplifying
transistor was much larger than the resistance R. In the
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more accurate analysis given above this assumption was
not made, and the presence of this shunting effect is
represented by the term in Rin (17).

Some typical figures again will help to give a feeling
for the relative magnitudes of the terms in (17) for the
output resistance. Suppose that G =10, R=6000 ohms,
B,, B, B;=30, 40, 50, and R, R, R;3=0.70, 0.15, 0.15
ohms respectively. The total effective internal resistance
R, of transistors T'1, T2, and T3 is then 1 ohm, and the
additional resistance contributed by the term in R is 0.1
ohm. Hence, the component of output resistance arising
from these two sources is (140.1)/10=0.11 ohm, which
may be compared with the result of 0.10 ohm which
would be calculated by neglecting the shunting effect.

From (17) it is seen that an additional component of
output resistance arises from the presence of the amme-
ter resistance R, and of the auxiliary supply transfer
internal resistance R;. Typical values are R,=1 ohm,
R, =10 ohm. However, it is seen that the resulting com-
ponent of output resistance is the sum of the two resist-
ances divided not by G alone, but by (R./r")G. For the
above typical figures, this component of output resist-
ance is 0.011 ohm, and is only 10 per cent of the compo-
nent due to R, and R.

A third component of output resistance is introduced
by the transfer internal resistance R; of the auxiliary
supply ;. As described in connection with the open-
circuit output voltage Eo, the supply E; will not be re-
quired in some cases, and so R,=0. However, if I, is
taken from the main supply voltage E,, R;=R, and
may be about 10 ohm. For Ry/r =100, n=4 as before,
the component of output resistance due to R, will be
0.4 ohm and is undesirably large. This problem may be
resolved by again deriving the extra current supply for
diode D1 from the output voltage E instead of from E,.
In this case R;=0, and putting E;=E in (5) gives

R, = 1 [(RGI + Re2 + Res) + R/BIB2B3
R nr/ Ry G
Rl + Rm 1 + n
-k as)
(R/r)G n

and the result is essentially the same as when E; and R,
are zero, except that the output resistance is increased
by the factor 1/(1—nr/Rs) which, however, is close to
unity.,

The remaining term to consider in (17) is that due to
the feedback resistance R,. As described in Section I11,
R, introduces positive current feedback whose magni-
tude can be adjusted to make Ro zero or even negative.
From (18) the value of R, which would be required to
make Ro=0 for the above typical figures, and where
E,=FE, and Ry=R,, is given by

0 = 0.11 + 0.011 + 0.4 — (5/4)R, (19)
or

Ry = 0.417 ohm. (20)
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A resistance of this small magnitude is furnished by a
few inches of wire, and, in practice, the best way to
obtain the desired value of Ry is to adjust the length of
a piece of wire in the appropriate place in the completed
regulated supply circuit until the output resistance is
zero. This method of reducing the output resistance is
not particularly satisfactory, however, since the adjust-
ment is awkward to make and in any case will only be
correct for a particular value of n. Thus, if a variable
output voltage E is required (which is abtained by
varving the potential divider ratio ), the output resist-
ance R, may vary considerably over the range of output
voltage. Therefore, it is preferable to design for a low in-
herent output resistance by making G as large as pos-
sible.

To summarize the above discussion of the output re-
sistance, the typical numerical values obtained above
are shown below in a form in which the terms corre-
spond to those of (18), in which E;=E,, R3=0, and

where R;=0: .
Ro= —— (0.11 4+ 0.011 21
"= T 003 ) (1)
= 0.126 ohm. ‘ (22)

|
V. A Furtnger CircUIT MODIFICATION

There is yet another beneficial modification which
may be made in the regulated power supply circuit, and
which is suggested by (15) for the output voltage.

It may be noted that in (15) there is a component of
output resistance due to the total effective internal
resistance R,= (Ra+ R+ Re) of the current-amplify-
ing transistors T'1, T2, and T'3, and another component
due to the resistance R, of the ammeter. The former
component is equal to R, divided by G, but the latter
component is R, divided by (R./r")G where R./r' is at
least 100. Examination of Fig. 3 suggests that if the
diode D2 were connected not to the emitter ol transistor
T'1 but to the emitter of 72, then the two above compo-
nents of output resistance might be equal to (R.2+ Re3)/G
and (Rn.+ R..)/(R./r")G, respectively, and the sum of
the components and hence the output resistance [
would be reduced. '

If the above modification is introduced, analysis cor-
responding to that for Fig. 3 leads to

r r o1 1
E=|:”e+_”132+——l'31+—5e’]

R, R, G
_ I[(Rﬂ + Ra'.’) + R/BleBg
G
Ri+ Rn+ R. 14+
= R A R,]. (23)
(R./7)G Ry "

The result of (23) shows that the expectation described
above is justified: the open-circuit output voltage E, is
the same as before, but in the output resistance Ro, the
resistance R4 is now divided by (R,./r")G instead of by
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Fig. 4—Circuit of regulated supply to provide 0.5 a at 18 to 22 v. The output resistance is 0.007 ohm.

G alone. The same typical figures assumed before will
show the improvement introduced by the circuit modifi-
cation. If G=10, R=6000 ohm, B,, B;, B3=30, 40, 50,
and R,, R., R;=0.70, 0.15, 0.15 ohm, respectively,
then

(R,g —{_— R,_:,_) :{— R/B\,B;B; _ 034+ 0.1 (24)
G 10
= 0.04 ohm (25)
and
Rt Rat R 1041407
(R./7)G 100 X 10
= 0.0117 ohm. )

and if Fs, Ry, and Ry are all zero the output resistance
Ro is

Ry = 0.04 + 0.0117
0.052 ohm

(28)
(29)

U

which may be compared with Ry=0.121 ohm obtained
with the circuit of Fig. 3.

Obviously, whether or not the circuit modification
introduces a significant reduction in Ry depends on the
actual numerical values in the circuit. For example, the
improvement will not be significant if there is appreci-
able shunting of R, that is, if R/B;B:B; is comparable to
(Ra+ R+ R.), or if R, is comparable with or smaller
than (R,+ R.3). This latter condition may occur if two
transistors are used in parallel in place of the single
transistor 71 in order to obtain larger maximum load
current /.

The discussion of the preceding two sections has pre-
sented the anzlysis and interpretation of the results to
be expected from a new form of series-regulated power
supply circuit. Although the treatment has been in

terms of a fixed output voltage E, there is nothing in the
principle which prevents extension to variable-voltage
supplies. However, certain practical problems do arise
if the output voltage is required to be varied by more
than about + 10 per cent. In the following sections two
practical power supplies embodying the above principle
are described, one having an output voltage variable by
210 per cent, and one having an output voltage vari-
able over a wider range.

VI. PracticaL SuppLy No. 1: 0.5 A AT 18 TO 22 v

The schematic diagram of a regulated power supplvy
to provide up to 0.5 a at 18 to 22 v is shown in Fig. 4.
The input power source is 110 v 60 cps.

The raw supply voltage E, is obtained from a bridge
rectifier circuit, and the auxiliary supply voltage E; is
obtained from a voltage-doubler from the same line
transformer. The auxiliary supply E; is not required;
instead, extra bias current for the zener diode D2 is ob-
tained from the output voltage through resistor Rs, as
described in Section IV.

The two resistors R, and Ry are introduced so that
the transistors 72 and T3, respectively, will not be cut
off when the load current is small. The transient re-
sponse is also improved because the current-amplifying
transistors are working in a linear region over a greater
part of their range. The presence of the resistors R, and
R4 modifies the details of the analysis presented in the
previous sections, but the principle remains the same.

The 2000-uf capacitor connected across the regulated
output is added to improve the transient response. The
wiring layout indicated in Fig. 4 is particularly impor-
tant: all leads should be returned directly to the ca-
pacitor terminals as shown. The reason is that the load
current must not be allowed to develop undesired volt-
ages which find their way to the amplifier input. As
described in Section IV, the presence of a feedback re-
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Fig. 5—Circuit of regulated supply to provide 1 a at 5 to 25 v. The output resistance can be made zero
at the maximum output voltage.

sistance R; of only a fraction of an ohm in the right place
can cause an appreciable change in output resistance.

The presence of the resistors R, and Ry, the difficulty
in measuring the dynamic resistances of the reference
diodes, and the difficulty in predicting the gain of the
voltage amplifier make it rather impracticable to calcu-
late the value of the output resistance to be expected.
Experimental measurements indicate the following per-
formance characteristics: for a suddenly applied load of
0.5 a, the output voltage drops 40 mv and recovers in
about 10 usec; for a suddenly removed load of 0.5 a the
output voltage rises 20 mv and recovers in about 40
wsec. Ripple and noise in the output are less than § mv
at full load, and the output voltage changes by less than
5 mv for line voltage changes of +10 per cent.

With the diode D2 connected to point B instead of to
point A, the steady-state output resistance is 0.03 ohm.
With the diode connected to point A the output resist-
ance is 0.007 ohm, showing that significant improvement
is obtained by the circuit modification described in
Section V.

V1L PracticanL SupPLy No. 2: 1 AATSTO 25V

The design of a regulated power supply to provide an
output voltage variable over a wide range poses several
problems in addition to those already discussed for
small-range supplies. The most important problem is
that at low output voltage settings the power dissipa-
tion in the current-amplifving transistor becomes exces-
sive. This can, of course, be alleviated by putting more
transistors in parallel, but this is a wasteful and expen-
sive procedure. A more attractive solution is to reduce

the raw dc supply voltage E, by means of a Powerstat,
at the same time that the output voltage E is reduced,
and then the power dissipation in the series transistors
remains small.

The schematic of a regulated power supply to provide
up to 1 a at any voltage between 5 and 25 v is shown
in Fig. 5. The input power source is 110 v 60 cps. The
Powerstat is ganged to the 1-kilohm rheostat which sets
the output voltage. The regulator part of the circuit is
similar in principle to the corresponding part of the 20-v
supply described in the previous section. llowever, the
raw dc supplies in Fig. 5 are of special interest

Three input voltages are provided: the heavy-current
supply E,, obtained from a bridge rectifier; the auxiliary
supply E; to bias the zener diode D2, obtained from a
voltage doubler; and another auxiliary supply FE; to
provide current through the resistors R, and Ry, ob-
tained from a half-wave rectifier. Fig. 6 shows the vari-
ation of the open-circuit characteristics of these three
input voltages with Powerstat setting. The purpose of
arranging the inputs in this way is to maintain all the
diodes and transistors at the same operating point, and
the same currents in resistors R, and Rg4, at all settings
of the output voltage.

An additional problem encountered in a power supply
to provide a wide range of output voltages is that extra
current for biasing zener diode D1 cannot be obtained
from the output voltage E as was done in the 20-v
supply described previously. The reason is that since
the output voltage may vary over a wide range, the
extra current would vary likewise and in fact would fall
to zero at the lowest output voltage. An alternative is
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to derive the extra current from another auxiliary sup-
ply I, (as described in Section I111) which does not vary
with the output voltage setting. However, this is un-
satisfactory hecause of the unavoidably large transfer
internal resistance R; of the supply E,, and because of
the ripple introduced into the output. The only remain-
ing possibility (short of using a second line transformer
and well-filtered rectified output) is to allow sufficient
current through the voltage-amplifving transistor to
bias the diode D1 adequately without the necessity for
extra current. In the circuit of Fig. 5, the resistance R is
therefore made small in order to pass about 5 ma
through the wvoltage-amplifying transistor. Conse-
quently, the gain of this stage is considerably less than
in the supply described previously.

Middlebrook: Design of Traunsistor Regulated Power Supplies

1509

In the absence of the resistance R, in the circuit of
Fig. 5, the output resistance is about 0.25 ohm at the
maximum output voltage of 25 v, irrespective of
whether the diode D2 is connected to point A or to point
B. This rather large value of output resistance is princi-
pally due to the low gain of the voltage amplifier (be-
cause of the low value of R) and also to the high value
of n (the potential divider ratio). However, the intro-
duction of positive current feedback as described in
Section 111 can be usefully emploved to reduce the
output resistance. The circuit must be carefully wired
as indicated in Fig. 5, and the resistance R, consists of
about 30 inches of No. 22 tinned copper wire. The re-
quired length is best found by trial and error, and is
chosen so that the output resistance is zero or slightly
positive at maximum output voltage setting. At lower
output voltages, the output resistance will then be
almost zero or slightly negative. The transient response
is comparable with that of the 20-v supply described in
the previous section, the actual magnitudes involved
being dependent on the output voltage setting.

VIII. CoxcLusioN

A new form of transistor series regulated power sup-
ply circuit has been introduced and analyzed. Applica-
cation of this new circuit to two practical regulated sup-
plies has been described, one variable over a small
range and one variable over a wide range of voltage.
Each supply is simple and economical and requires
only one line transformer. Independence of line voltage
variations, output voltage ripple, output resistance,
and transient response are unusually good.

CORRECTION

W. Guggenbuehl and M. J. O. Strutt, authors of
[heory and Experiments on Shot Noise in Semicon-
ductor Junction Diodes and Transistors,” which ap-
peared on pages 839-854 of the June, 1957, issue of these
PROCEEDINGS, have brought the following corrections to
the attention of the editors.

P. 841, (5), should read: li,. m2|.

P. 843, (12), should read: |7, w?|.

P. 843, three lines below (12), should read: |1',,1e2|
=2el Af.

. 843, first column, second line from bottom, should

“r

read: I'i,.zczf .
. 843, (13), Y Index should read: Y.
P. 845, first column, sixth line from top, should read:

| Ynl > | Vlzl, [ Yzl[ > | Yzzl-

>

f—

. 840, ﬁ_r_st_column, thirteenth line from top, should

read: ]i,,}[ .

P. 846, first column, fourteenth line from top, should
read: I'Tcz[ .

P. 846, secon(lLol}lmn, tenth line from bottom,
should read: |u,.;.2].

I>. 846, second column, ninth line from bottom,
should read: |T;.2]

P. 847, first column, third line from bottom, should

read:

(inl* + 'inZ*)(inI + ins + inp)-

P. 854, Acknowledgment, sccond line from top,
should read to the firms Brown, Boveri at Baden
and llasler at Berne, Switzerland.
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A New Technique in Ferrite Phase Shifting for
Beam Scanning of Microwave Antennas®
F. REGGIAT, AsSOCIATE, IRE, AND E. G. SPENCER f, SENIOR, IRE

Summary—A reciprocal ferrite phase shifter for 3-cm wavelength
has been developed which makes use of a new design technique for
obtaining large phase changes per unit length by electrical means.
The device consists essentially of a longitudinal magnetic field ap-
plied to a ferrite rod centrally located inside a rectangular waveguide
excited in the TE,; mode. With a proper choice of rod diameter and
impedance matching elements, phase shifts of greater than 250° per
inch and variations in transmitted power of less than +0.2 db have
been obtained with external control fields as low as 60 oersteds.
Zero-field insertion loss of less than 0.1 db per inch has been meas-
ured. These characteristics, along with its geometrical configuration
and small size, make this electrically controlled ferrite device useful
in the design of rapid-scanning antennas or any similar microwave
system requiring phase modulation.

INTRODUCTION

ANY investigators'=® have attempted to de-
M velop a small electrically controlled ferrite

phase shifter for 3-cm wavelength which would
give large reciprocal phase changes per unit length with
small dc control fields. Such a device has been developed
which makes use of a relatively large ferrite rod (ferrod)
centrally located inside a standard rectangular wave-
guide and a longitudinally applied magnetic field to
produce the necessary phase shift.

When a longitudinal magnetic field is applied to a
ferrite rod inside an axially symmetrical waveguide sys-
tem excited with a linear wave, a rotation of the plane of
polarization* of the microwave energy occurs. 1f, how-
ever, the ferrite rod is placed inside a nonsymmetrical
waveguide system (one of its dimensions at cutoff) and
providing the diameter of the rod is not too large, this
rotational effect is suppressed and a large phase change
of the microwave energy occurs.

Such is the case for the reciprocal ferrite phase shifter
to be described. When a small diameter ferrite rod, less
than 0.20 inch, is placed inside a standard rectangular
waveguide used at X band and a longitudinal magnetic
field is applied, small phase shifts of the microwave
energy occur. [f, however, the rod diameter is increased
above this value, large phase changes with applied dc

* Original manuscript received by the IRE, June 11, 1957; re-
vised manuscript received, August 13, 1957.

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

' B. Lax, K. J. Button, and L. M. Roth, “Ferrite phase shifters
in rectangular waveguide,” J. Appl. Phys., vol. 25, pp. 1413-1421;
November, 1954.

? H. Scharfman, “Three new ferrite phase shifters,” Proc. IRE,
vol. 44, pp. 1456-1459; October, 1956.

3F. Reggia, E. G. Spencer, R. D. latcher, and J. E. Tompkins,
“Ferrod radiator systems,” 1956 IRE CoNVENTION RECORD, pt.
1, pp. 213-224.

*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.

field begin to occur with relatively small changes in
transmitted power. This increase in phase change is
consistent with a larger percentage of microwave energy
concentrated in the rod® and since the rectangular
waveguide boundary is still sufficient to suppress the
rotational effect of the ferrite, only small changes in
transmitted power occur. When the diameter of the
ferrod exceeds 0.30 inch, a maximum phase change per
unit length is reached and relatively large variations of
transmitted power with applied magnetic field begin
to occur. It is now believed that the rectangular wave-
guide boundary no longer plays a significant part in
suppressing the rotation of polarization of th%z microwave
energy and since it cannot transmit such variations be-
yond the rod relatively large reflections occur as indi-
cated by the large impedance changes observed at the
input of the device.

Phase shifts in excess of 300° per inch with relatively
small applied fields have been obtained with a typical
MgMn ferrite for X-band frequencies. Variations of
transmitted power no greater than +0.2 db and zero-
field insertion losses less than 0.1 db per inql have been
measured. Reversing the direction of the external ap-
plied field and/or direction of propagation gives a phase
delay of the microwave energy, resulting in a reciprocal
electrically controlled ferrite phase shifter.

Impedance matching® is accomplished by attaching
short dielectric tips to both ends of the ferrite rod or by
tapering the ends of the rod. This impedance matching
along with the use of a low-loss ferrite inside a traveling-
wave transmission system accounts for the small inser-
tion loss of the ferrite phase shifter. The redistribution
of the microwave field and the variation of the guide
wavelength (A;) as a function of the diameter of the
ferrod are discussed in a later section. Application of
the new phase shifting technique to the antenna beam
scanning problem and the results obtained are also
given in a later section.

A theoretical analysis of the field configuration and
energy distribution inside a ferrite-loaded circular wave-
guide has been made by J. E. Tompkins of the Diamond
Ordnance Fuze Laboratories. Some results of this analy-
sis are of interest in the present case because of the
similarity between the electrical characteristics obtained

8 J. L. Melchor, \V. P. Ayres, and P. H. Vartanian, “Energy con-
centration effects in ferrite loaded waveguides,” J. Agpl. Phys., vol.
27, pp. 72-77; January, 1956.

8 R. F. Sullivan and R. C. LeCraw, “A Broadband Ferrite Micro-
wave Switch,” DOFL Tech. Rep. No. TR-59; March, 1954.
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with the above phase shifter and those obtained with
a ferrite-loaded circular waveguide propagating a nega-
tive rotating mode. These results will be published later.

RECIPROCAL FERRITE PHASE SHIFTER

A simplified sketch of the reciprocal phase shifter for
3-cm wavelength is shown in Fig. 1. It consists of a
ferrite rod, dielectric impedance matching elements, a
low current solenoid, and a section of standard rectangu-
lar waveguide having outside dimensions of % X1 inch.
The length of the entire system is approximately §
inches.

The ferrite rod used as the phase shifting element
consists of a commercially available low-loss MgMn
ferrite? and its useful range of diameters is from 0.20
to 0.30 inch. It is centrally located inside the rectangu-
lar waveguide section by a teflon or polyfoam support.
The demagnetizing factor of the ferrod, when used with
a longitudinal magnetic field, is very small. The elec-
tric and magnetic properties of the ferrite at the operat-
ing frequencies used are given in LeCraw and Spencer?
and Spencer, et al.?

The solenoid supplying the longitudinal magnetic
field consists of approximately 3000 turns of no. 28
wire wound around the rectangular waveguide section.
Magnetic field strengths up to 200 oersteds have been
measured at the center of the windings through a small
hole in the top of the waveguide.

The impedance matching clements shown at the in-
put and output ends are short lengths of a dielectric
material'® having the same diameter as the ferrite rod.
Their lengths range from 0.30 to 0.50 inch, depending
upon the length and diameter of the ferrite rod used.
Tapered ferrite ends and polyfoam supports were used
in later models of the phase shifter to obtain better
bandwidth characteristics and smaller variations in
transmitted power with applied magnetic field.

The electrical characteristics of the reciprocal phase
shifter at 9100 mc vs applied magnetic field are shown
in Fig. 2. Phase shift, power variation, and input vswr
are given for the device using a ferrite rod 4.0 inches
long, and 0.30 inch in diameter. This was found to be
the maximum diameter rod that could be used in the
phase shifter and still maintain reasonably low varia-
tions in the transmitted power. A phase shift of 300°
per inch and a variation in transmitted power with ap-
plied magnetic field no greater than 0.7 db were ob-
tained. It is interesting to note that most of the phase

7 All data reported in this paper were taken for the Ferramic
R-1 ferrite at 9100 mc.

# R. C. LeCraw and E. G. Spencer, “Tensor permeabilities of
ferrites below magnetic saturation,” 1956 IRE ConvENTION RECORD,
pt. 5, pp. 66-74.

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

19 Stycast No. 5 Hi-K Dielectric, loss factor less than 0.001 and
dielectric constant of 5.
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Fig. 1—Cross-sectional view of the reciprocal phase shifter showing
the ferrite rod centrally located inside a rectungular waveguide
section and the solenoid used for obtaining a longitudinal mag-
netic field.
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Fig. 2—Phase shift, variation in transmitted power, and input
vswr vs applied dc magnetic field for a 0.30-inch diameter ferrite
rod at 9100 mc.

shift obtained occurred for magnetic fields less than 100
oersteds. A 0.30-inch length of Stycast #5 dielectric!®
having the same diameter as the ferrite rod was used
at both ends to obtain a reasonably good impedance
match. The zero-field insertion loss of this phase shifter
was approximately 0.5 db and a dc power of 5 watts
was required to obtain a field strength of 100 oersteds.

A simplified circuit arrangement used for the above
measurements is shown in Fig. 3. A square-wave ampli-
tude-modulated klystron, well isolated from the phase
measuring circuit, was used as the microwave power
source. Its frequency and power output were constantly
monitored during the measurements. A null type of
phase detector (magic tee) was used in the measuring
circuit because of its sensitivity to small changes in
phase and power incident upon it. Minimum probe coup-
ling of the standing-wave machine was used to mini-
mize errors when monitoring the input impedance of
the phase shifter under test. Matched phase shifters
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the Ferramic R-1 at 9100 mc.

and calibrated precision attenuators were used through-
out the measurements.

The phase shifting characteristics at 9100 mc vs
applied dc field and diameter of ferrite rod used in the
phase shifter are shown in IFig. 4. These rods were all
4.0 inches long and taken from the same batch of
material. It can be seen that small phase changes are
obtained for rod diameters less than 0.225 inch. In-
creasing the rod diameter above this value results in
large phase changes, most of which occur for fields less
than 60 oersteds. As seen from the curves, phase shifts
greater than 300° per inch are possible for rod diameters
approximately 0.30 inch. For diameters greater than
0.30 inch, little increase in phase shift is obtained and
large changes in the transmitted power (not shown in
the figure) begin to occur.

A photograph of the seven ferrite rods used to obtain
the above data is shown in Fig. 5. The dielectric impe-
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Fig. 5—The seven ferrite rods used in the reciprocal phase
shifter to obtain the data in the preceding figure.

dance matching tips and teflon supports are clearly seen
in the figure. In more recent phase shifters, impedance
matching is accomplished by tapering the input and
output ends of the rod and a polyfoam support is used
to center the ferrite rod inside the rectangular wave-
guide section.

A series of curves showing the electrical character-
istics of the phase shifter at 9100 mc as a function of
length of the ferrite rod and applied dc field are shown in
Fig. 6. The lengths of rods used varied from  inch to

4 inches and were taken from the same batch of ma-
terial. A maximum phase shift of 200° per inch was
obtained from these 0.270-inch diameter rods. It is inter-
esting to note that, at least for this and smaller diameter
rods, the variation in transmitted power over the range
of dc fields used was almost entirely due to the impe-
dance mismatch seen at the input of the phase shifter.
It can also be seen that for the maximum values of
applied magnetic field, the magnitude of phase shift in-
creased almost linearly with the length of the ferrite
rod.

A conservative power rating for the ferrite rods used
in the reciprocal phase shifter is 25 watts of average
power. This maximum rating depends upon the rf losses
in the ferrite and can be increased when better micro-
wave ferrites become available. With presently avail-
able ferrites, it is belicved that this power handling
capability can be extended to 50 watts.

The cross-sectional views of an improved X-band
phase shifter which resulted in better bandwidth char-
acteristics and smaller variations in transmitted power
with applied field are shown in Fig. 7. Tapcred ferrite
ends (1} inches long) were used for impedance matching
and a 13/16-inch polyfoam support was used to cen-
trally locate either a round or square rod inside the
rectangular waveguide section (0.40X0.90 inch id). The
maximum useful cross section of the square rod was
found to be 0.275 inch and that for the round rod was
0.300 inch, both giving approximately the same clec-
trical characteristics. The longitudinally applied mag-
netic field was supplied by a low current solenoid wound
around the waveguide section as previously described.
[End views of the phase shifter using either a round or
square ferrite rod are shown at the right of the figure.
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The bandwidth characteristics for the improved 400
phase shifter of the preceding figure are shown in Fig. 8.
Phase shift and input vswr as a function of the applied 300
magnetic field are given for three frequencies within a 200
500-mc bandwidth. Data taken at 9000 mc (not in- s
cluded) gave similar results to that shown in the figure. 00 e
The round ferrite rod which was used to obtain the data - o

had a diameter of 0.300 inch and the length of its tapered

ends was 1} inches. The length of the untapered section

at the center of the rod was 4% inches. Phase changes
greater than 1200° with an applied field of approxi-
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Fig. 8—Bandwidth characteristics of the improved ferrite phase
shifter as a function of the applied magnetic field.
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Fig. 9—Llectrical characteristics of the reciprocal phase shifter
using a square ferrite rod with a 0.275-inch cross section.

mately 45 oersteds and an input vswr of less than 1.5
were obtained over the bandwidth shown. The zero-field
insertion loss for this rod was from 0.7 db to 0.8 db and
the variations in transmitted power superimposed on
this value was no greater than +0.3 db. A reduction in
the zero ficld insertion loss is possible when better ferrite
malerials become available. .\ slight increase in phase
shift with frequency can also be seen from the curves. A
dc power of one watt was required to obtain the 45-
oersted field shown in the figure.

The electrical characteristics of the reciprocal phase
shifter using a square ferrite rod with a 0.275-inch cross
section and tapered ends one inch long are shown in
Fig. 9. The length of the untapered section of this square
rod was 5% inches long. The two lower curves show
the input vswr and phase shift at 9100 mc as a function
of the applied magnetic field. ’hase changes greater
than 1400° and an almost constant input vswr of 1.1
were obtained for this square rod with applied fields up
to 50 oersteds. A sensitivity of greater than 100° per
oersted was obtained in the region indicated by the
figure. The upper curve shows the input vswr vs operat-
ing frequency with zero applied magnetic field to be no
greater than 1.4. The zero-field insertion loss for the
square rod was approximately 0.8 db and the variation
in transmitted power with applied magnetic field was
no greater than +£0.2 db. A dc power of one watt was
required to obtain a field of 45 oersteds.

Another compact arrangement for obtaining a longi-
tudinal magnetic field in the ferrite phase shifting ele-
ment is shown in Fig. 10. This design is useful in con-
junction with a linear array of radiators coupled from
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Fig. 10—Cross-sectional view of the ferrite phase shifter showing
another arrangement for obtaining a longitudinal magnetic field
in the ferrite rod.
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Fig. 11—Phase shift and variation in transmitted power at 9100 mc
vs coil current (in milliamperes) of the small phase shifter shown
in the preceding figure.

the narrow side of rectangular waveguide. Two com-
mercially available low current solenoids,’' 13 inches
long, are used to supply the dc field. The cirections of
the dc field were such as to give opposing fields across
the narrow side of the waveguide and adding fields
parallel to the length of the rod. This type of construc-
tion is preferable for applications requiring a small
phase modulator to operate from a low current source
(0-50 ma). The total length of the system was 2} inches.

Curves showing the phase shift and transmitted power
variations for the above device vs the dc control cur-
rent (in milliamperes) at 9100 mc are shown in Fig. 11.
The 1%-inch long ferrite phase shifting element had a
diameter of 0.270 inch. Phase changes greater than 200°

1t Sensitive plate circuit relay coils, Type LM-11, resistance of
each winding is 2500 ohms.
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Fig. 12—Photograph showing the component parts of the two
reciprocal phase shifters described in the preceding sections.

per inch were obtained, most of which occurred for con-
trol currents less than 25 ma. The transmitted power
variations with applied magnetic field did not exceed 0.4
db over the range shown. The dimensions of the imped-
ance matching elements are shown in the figure,
along with the measured zero-field insertion loss of the
phase shifter. These electrical characteristics make the
device suitable in microwave systems requiring a physi-
cally small phase shifter for electrical switching, beam
scanning, or changing the radiation pattern. Modulation
frequencies in the kilocycle range have been used with
the phase shifting system described above.

A photograph of the two reciprocal phase shifters
described in Figs. 1 and 10 as well as their ferrite rods,
teflon supports, and impedance matching tips is shown
in Fig. 12. The phase shifter on the left has approximate-
ly 3000 turns of no. 28 wire wound around a 5-inch
section of standard rectangular waveguide used at X
band. The one on the right is 2} inches long and uses
two low current (0-50 ma) solenoids for supplying the
longitudinal magnetic field in the ferrite as shown dia-
grammatically in Fig. 10. The outside dimensions of the
rectangular waveguide sections are 3 X1 inch.

REDISTRIBUTION OF MicrROWAVE FIELD INSIDE
WAVEGUIDE

In designing microwave devices such as rapid-scan-
ning antennas, making use of the longitudinal-field
phase shifting technique described above, it is necessary
to evaluate the microwave field distribution inside the
ferrite-loaded waveguide in order to determine its
effect on the feed-point impedance of the radiating ele-
ments.

When a ferrite rod is centrally located inside a rec-
tangular waveguide, an increase in the energy concen-
tration occurs in this region.® Althougii this redistribu-
tion of microwave energy is difficult to determine
experimentally, some data have been obtained which
indicate that it has shifted toward the center of the
waveguide.

A curve showing the change of guide wavelength (\,)
at 9100 mc vs the diameter of the ferrite rod used in
the phase shifter with no applied magnetic field is shown
in Fig. 13. This information was obtained by placing
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Fig. 13—Guide wavelength at 9100 mc as a function of the diameter
of the ferrite rod centrally located inside a rectangular waveguide
excited in its fundamental TE;q mode.

a polyfoam supported ferrite rod inside a rectangular
waveguide slotted line terminated in a short circuit.
The distance between two nodal positions was measured
to determine the guide wavelength. Starting with A,
equal to 4.75 cm for the empty waveguide, it is seen
that little change in guide wavelength occurs for rod
diameters up to approximately 0.15 inch. However, for
diameters greater than this, a rapid decrease in A\, occurs
reaching a value of 1.86 cm for a rod diameter of 0.30
inch. These facts are important in designing long linear
arrays making use of the phase shifting technique de-
scribed above.

Sampling the rf power through a small hole in the
narrow side of the ferrite-loaded waveguide has re-
sulted in the data shown at the top of Fig. 14. Ilere it is
seen that as the diameter of the ferrod inside the wave-
guide is increased above 0.20 inch, the rf power coupled
from this wall begins to decrease rapidly. This redis-
tribution of the microwave energy toward the center of
the waveguide must be considered in the designing of
beam scanning antennas with radiating clements ex-
cited from the narrow side of the waveguide.

Further data which give an indication of the in-
creased rf energy concentration at the center of the
ferrite-loaded waveguide and the physical arrangement
used for the measurement are shown in the lower part
of Fig. 14. A matched ferrite rod having a diameter of
0.275 inch and length of 4 inches was supported by a
polyfoam dielectric and placed inside a long slotted
waveguide which was terminated with a matched load
(ml). A tuned rf probe was inserted at the top center of
the waveguide and an indication of the electric field
distribution along the length of the waveguide was
obtained. An increase of electric field strength in the
region of the rod is clearly shown.

Other data, not shown because it has not been fully
evaluated, indicate that the field strength at the top
center of the waveguide begins to increase as the diame-
ter of the ferrod is increased to about 0.25 inch and then
begins to decrease again as the rod diameter becomes
greater than this value. This information was obtained
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Fig. 14—Experimental data at 9100 mc indicating a redistribution of
the microwave energy toward the center of the ferrite-loaded
rectangular waveguide used as the reciprocal phase shifter.

by using a very short transverse slot at the top center
of the waveguide.

ANTENNA BEAM SCANNING

The design of a relatively small antenna svstem for
beam scanning microwave energy by electrical means
has been the goal of microwave system engineers for
many years.'2 Numerous attempts'*:’* have been
made to use transverse magnetic fields with various
configurations of ferrites in rectangular waveguides
making up antenna arrays. However, because of the
large magnetic fields required to obtain the necessary
phase shifting per unit length, no practical systems have
been reported. Small variations in transmitted power
during the phase shifting and low insertion losses are
also important in the beam scanning antenna design.

Using the longitudinal-field phase shifting technique
described in the preceding sections, several types of
radiating structures have been designed for antenna
beam scanning. One arrangement made use of two
open-end rectangular waveguide sections as radiating
elements, their centers placed 2 inches apart, and the
phase shifter of Figs. 10 and 12 was used in one arm to
provide the necessary phase shift of the microwave
energy. Although the side lobe amplitudes obtained
with this arrangement were large, a beam scan of 22°
and a deterioration of the main beam amplitude no

12 4, N. Chait and N. G. Sakiotis, “Ferrites at Microwaves,”
Proc. Fourth Symposium on Scanning Antennas, NRI. Rep. 4000,
pp- 123-131; April, 1952.

13 F, Reggia, E. G. Spencer, R. D. Hatcher, and J. E. Tompkins,
“Fe_xl'rod radiator systems,” Proc. IRE, vol. 45, pp. 344-352; March,
1957.

4 D. J. Angelakos and M. M. Korman, “Radiation from ferrite-
filled apertures,” Proc. IRE, vol. 44, pp. 1463~1468; October, 1956.

15 M. S. Wheeler, “Non-mechanical beam steering by scattering
from ferrites,” presented at Symposium on Microwave Ferrites and
Devices and Applications, New York, N. Y.; May, 1957.
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Fig. 15—Schematic diagram of a simple beam scanning antenna
system making use of the new phase shifting technique described
in the preceding sections.

greater than +0.5 db were obtained. A dc control current
of less than 15 ma was used to obtain this beam scanning
angle. The electrical characteristics of the phase shifter
used for these measurements at 9100 mc are shown in
Fig. 1.

Another arrangement made use of two open-end
rectangular waveguide sections, centers one inch apart,
and a one-inch length of ferrite rod (0.270-inch diameter)
in one arm to obtain the necessary phase shift. The
longitudinal magnetic field applied to the ferrite was
supplied by two series-connected low current solenoids!®
used in a manner similar to that shown in Fig. 10. As
much as 20° beam scanning was obtained with this
arrangement with relatively constant power (+0.2 db)
radiated in the main beam. Larger scan angles of 30°
and 40° have been obtained with variations in main
beam amplitude no greater than +1 db and +2 db,
respectively.

The same technique described above but with short
dielectric radiators coupled from the open ends of a
broad-band II-plane folded tee was used and reasonably
good results were obtained. A simplified sketch of this
beam scanning antenna system is shown in Fig. 15.
Two tapered dielectric radiators,'” spaced one inch
apart, were used to reduce the side-lobe amplitudes and
to give a somewhat narrower beam than that obtained
from the open-end waveguide sections. The beam width
of a single element was approximately 55° and that of
the two rods together was 32°. A ferrite rod, one inch
long and 0.270-inch diameter, preceded one of the radia-
tors to provide the phase shifting necessary for beam
scanning. The two series connected low current solenoids
were used to provide the longitudinal magnetic field as
shown in the figure.

With no dc field applied to the ferrite phase shifting
element, the coupling length of one radiator was ad-

18 Plate circuit relay coils, Type LI>-5, resistance of each winding
is 5000 ohms.

17 Alite No. AE-212, dielectric constant of 8.5 and loss tangent of
0.0008 at 10,000 mc.
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justed to give maximum radiation of the main beam
off to the right as shown. Application of the longitudinal
control field to the ferrite causes a delay in the micro-
wave energy in this arm which in turn causes the main
beam to move to the left. A beam scan of 22° with rela-
tively constant power radiated in the main beam was
obtained with control currents no greater than 30 ma.
The side-lobe amplitude remained at least 10 db below
that of the main beam throughout the scanning range.

A simplified diagram showing an extension of the
phase shifting technique described above to beam scan-
ning of long linecar arrays excited from a rectangular
waveguide section is shown in IFig. 16. Polyfoam dielec-
tric or its equivalent is used to locate centrally the ferrite
phase shifting elements, both of which are made up in
convenient lengths and joined together with little dis-
continuity. The radiating elements can be either narrow
slots or dielectric rods and the impedance matching
element is similar to that previously described. The
direction of maximum radiation of the fan-shaped beam
depends upon the guide wavelength (A\,) which de-
creases when a longitudinal magnetic field is applied to
the ferrite phase shifting element. This change in the
ferrite magnetization produces a phase shift which in-
troduces a progressive delay in the wavefront down the
waveguide, thus causing the radiated wavefront to
sweep over the scanning sector,

Several methods have been tried in order to obtain a
uniform longitudinal magnetic field over the path length
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Fig. 16— Cross-sectional view of a long linear array excited from
a rectangular waveguide and making use of the new phase shifting
technique.

required for long linear arrays. Various types of radiat-
ing structures were also designed for scanning narrow
fan-shaped beams. These devices, the results obtained,
and the optimum configuration of the ferrite phase
shifting element that can be used in long linear arrays
will be reported at a later date.

ACKNOWLEDGMENT

The authors wish to thank R. D. Hatcher, R. C.
LeCraw, and J. E. Tompkins for their helpful sugges-
tions and discussions, and J. M. DelLawter of the DOFL
Development Shop for preparation of various compon-
ents of the phase shifter and antenna beam scanning
systems.

Slalom Focusing”

J. S. COOKY, ASSOCIATE MEMBER, IRE, R. KOMPEFNERT, FELLOW, IRE,
AND W. H. YOCOMY, ASSOCIATE MEMBER, IRE

Summary—1In the search for a scheme of electron focusing which
would permit a beam to weave in and out through an rf structure, it
was discovered that a linear array of line charges in free space pro-
duces two equipotential surfaces which contain exact electron tra-
jectories. The field about such an array may be nearly duplicated by
an array of positive wires sandwiched between two negative plates.
It has been found that suchea structure will effectively focus a ribbon
type electron beam of surprisingly high perveance.

A backward-wave oscillator was built which utilized this ‘‘slalom”
type focusing.! Although this tube was of the rough, experimental
variety, oscillations were obtained throughout the range of 3.3 to 4.3
kmc.

* Original manuscript received by the IRE, July 11, 1957; re-
vised manuscript received, August 30, 1957.

t Bell Telephone Labs., Inc., Murray Hill, N. J.

t Varian Associates, Palo Alto, Calif. Formerly with Bell Tele-
phone Labs., Inc., Murray Hill, N, J.

! The term “slalom” is borrowed from the Norwegian downhill ski
race known by that name.

A beam tester was constructed which has a beam-focusing struc-
ture just ten times the size of that of the oscillator’s. Ninety-seven
per cent transmission through 27 wires of a beam of perveance
(2X107%) has been achieved with this tester.

Slalom focusing may also find application in the field of switching.

INTRODUCTION

ANY structures, used as circuits in traveling-
M wave and backward-wave tubes, consist of ar-

rays of conductors to which the rf wave is so
tightly bound that only the fringe of the rf field is ac-
cessible for interaction with the usual straight electron
beam. Since this field diminishes exponentially with
distance from the circuit, the beam must be placed as
close to the structure as possible. On the other hand,
the boundary of an electron beam is inevitably some-
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what diffuse so that if the beam is placed too close to the
circuit some of it will be intercepted. There is a mini-
mum practical spacing, then, between the useful beam
and its adjacent circuit. The necessarily small separa-
tion between beam and circuit poses a serious problem
at higher frequencies.

In addition, there is the problem of providing high
current density within interaction distance of the cir-
cuit. There are several disadvantages in using high
voltages; at limited voltage, high current flowing
through a small cross section implies large space charge
forces, which, in turn, call for strong focusing forces.
Means for providing a strong magnetic focusing field
add weight, sometimes a great deal, to the tube or its
mount. Previous proposed types of electrostatic focus-
ing, on the other hand, have not been entirely satis-
factory, mainly because they called for high electric
fields between adjacent electrodes.

These facts have led the authors to consider a new
electrostatic focusing scheme in which a sheet electron
beam is made to weave sinusoidally through an array of
positive rods or wires placed midway between two nega-
tive plates, as shown in Fig. 1. These wires also may
constitute a slow wave rf transmission line. Thus, one
might hope to hold together a dense stream of electrons
against the action of space charge forces, and at the
same time have the electrons actually interlacing the
slow wave circuit in a region where the rf field is very
strong.

Consider a linear array of positive line charges in free
space which are assumed to be of infinite extent normal
to the page. Such an array, with the appropriate equi-
potential surfaces, is shown in Fig. 2. In particular,
notice the two equipotential surfaces which intersect at
the midpoint between the wires. [t can be shown that if
an eclectron has just the right velocity and disposition
it will exactly follow one of these equipotential surfaces,
winding a sinuous path in and out among the line
charges.

For the array in Fig. 2 the potential at any point
(x, y) may be expressed as

. 2wy 2wy

V(x,v) = Vol 1 —1/2In1/2{ cosh — — cos —— (1)
a a

where V, is the potential at the “crossover” point mid-

way between the line charges, and “a” is the distance

between line charges. The “crossover equipotential,” is

defined as the locus of points where V(x, y) = Vi, which
requires that
2wy 2mx
cosh — — cos — = 2
a a
or
T Wy
cos — = sinh — - (2)
a a

The electrostatic force on an electron moving along
the crossover equipotential is
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Fig. 1—Slalom structure showing sinuous sheet electron beam.
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Fig. 2—Equipotentials about an infinite linear array of
infinite line charges.

. o (aV 1 2]1/2
we = o[ (55) +(5)

which with (1) and (2) becomes

Frv2 X
N Ve cos — - 3)

a

eE(x,y) =

The centrifugal force on an electron following the

same equipotential is
dZ
my? (i ——y>
dx?

LT

where p is the radius of curvature of the trajectory.

From (2) this becomes q
mv? T T
— = 4+ mv?—— cos — * €))
o V2a a

If the crossover equipotential is to be an electron
trajectory, the centrifugal and electrostatic forces must
be equal in magnitude, and oppositely directed. Equat-
ing (3) and (4) this condition is satisfied when

* K. R. Spangenberg, “Vacuum Tubes,” McGraw-Hill Book Co.,
Inc., New York, N. Y., p. 126; 1948.
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CROSSOVER EQUIPOTENTIALS

; X\ OXIDE-COATED
777~ NICKEL TUBE

i
TUNGSTEN
WIRE

Fig. 3—Internal injection gun used in early experiments.

2 =2V, (5)
m
This means that if an electron is injected along the path
determined by (2) with a velocity given by (5), it will
continue along that path indefinitely.

Observe Fig. 2. Notice that the crossover equipoten-
tials, in effect, cross each other at an angle of 90°. The
field strength at these crossover points is zero, and in
the immediate vicinity the field strength is very small.
Hence, an extra electrode placed there with an applied
potential equal to that of the crossover potential will
create little disturbance.

Note also, that the equipotentials in the region of the
line charges rapidly become circular as their potentials
increase. Therefore, replacing the line charges with small
circular cylinders, or wires, will cause little change in
the field distribution. Furthermore, the equipotentials
flatten out as they get farther away from the wire array,
and placing perfectly flat plates at the position of the
(—0.5 Vo) equipotential should create very little dis-
turbance in the assumed field distribution.

Altogether, it is indeed surprising that a field distribu-
tion describable by simple analytic functions, that can
be easily generated using only round wires and flat
plates includes singular sinuous equipotentials which
are also exact electron trajectories.

LAUNCHING THE BEAM

There are several methods by which an electron beam
might be launched along the crossover equipotential in
such a “slalom” structure. These methods can be di-
vided into two classes; internal and external. Internal
injection shall be defined as any scheme where the
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Fig. 4—Improved internal injection gun.
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Fig. 5—A simple external injection gun.

beam originates between the planes of the plates.

The first slalom experiments used the internal injec-
tion method shown in Fig. 3.

This type of gun has several shortcomings, however,
due to the fact that it is confined within a small cylinder.
A search for something better led to the configuration
shown in Fig. 4. In this gun, the anode surface follows
the surface of the crossover equipotential so that the
slalom field is not distorted as long as the anode is
operated at crossover potential. This provides a means
for internal injection where the electron gun is no longer
confined. One can use a “Pierce” type or any other type
gun of any perveance or dimensions desired. It is this
configuration that was used in the first slalom oscillator
and in most of the later beam testers.

A third configuration, which is an external injection
scheme, is shown in Fig. 5. A possible advantage of such
a gun is the simpler anode structure which lends itself to
scaling down more readily than the internal gun. The
removal of the gun from the region of the rf circuit is a
further advantage. One disadvantage is that it must be
designed and positioned in an empirical manner since the
beam is not launched along the regular slalom path and
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the fields about the point of injection are anything but
simple. 1n addition, the beam must pass through the
plates, which must operate at a low positive if not nega-
tive potential with respect to the cathode; thus an opti-
cal problem is introduced. Nevertheless, such a gun can
be made to work, as has been shown experimentally.

Sr.ALoM OSCILLATOR

Though early beam testers did not prove that the
beam was stable, they did show that a certain amount
of current could be made to slalom through several
wires to a collector. On the assumption that a slalom
beam could be stable, and in order to test the com-
patibility of slalom-focusing and rf interaction, a back-
ward-wave oscillator using this new focusing principle
was built. The helix, rather than an interdigital or
folded line, was chosen as the wave retarding circuit be-
cause it appeared to give the greatest spacing between
wires for the fundamental phase velocity; promised of a
simple input and output match; and presented the best
hope of calculating the impedance. Because of the meas-
uring equipment available, 4000 mc was chosen as the
operating frequency.

The helix was flattened into an oval cross section, and
so wound that all the “skew” part of the winding was on
one side, the turns on the other being normal to the helix

axis. The latter were used as the slalom structure
(Fig. 6).
COAXIAL CONNECTION

N
o B P PP
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Y1111 /777/47Z,
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? IV /I 111477, ‘1#2444/.4
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3 ELECTRODE 01"

4//1?, f

CATHODE

Fig. 6 Section of gun end of experimental slalom oscillator.

The actual helix had an effective

helix turn length
ka = ) = 0.4,
Ao

the wire diameter was 0.020 inch and the pitch was
0.080 inch. At 4 kmc this results in a fundamental phase
velocity of ¢/15 and a backward harmonic phase ve-
locity (n= —1) of ¢/ —22.5. These are the values in the
axial direction and they must be multiplied by 1.18 to
account for the fact that the slalom path is not straight.
This gives a 1560-volt beam for fundamental operation,
and a 700-volt beam for backward-wave interaction.
The gun was of the internal injection type and pro-

PROCEEDINGS OF THE IRE

November

jected a beam into the circuit at an angle of 45° with the
axis. 1t was designed to give 21 ma at 700 volts. Inas-
much as the electrons would be in a region of appreciable
rf field only about one-half the time, and because of the
angle of 45° between the beam and the field, the im-
pedance of the helix was estimated to be about one-
fourth its free space value of 30/kd, or about 19 ohms.
Thus, Pierce’s coupling factor C is 0.04; and, since CN
should be about 1.5 for reasonable output and efficiency,
this gives N_;=37.5, and an active length of five inches.
The tube was made approximately seven inches long for
safety.

At first, flattened coupling helices were considered
for input and output, but simple coaxial connections
were finally used and proved to be adequate, although a
fairly poor match. After various mechanical difficulties
were overcome it was possible to get a maximum of
1.5 ma out of about 10 ma through the circuit to the
collector. Under these circumstances backward-wave
oscillations were observed in the range from 3.3 to 4.3
ke, and were voltage-tunable throughout the range.
Oscillations could not be sustained for any great period
of time due to the large amount of current being inter-
cepted on the first two or three wires. The hot wires
buckled and intercepted increasing amounts of current
until the beam was cut off.

In spite of poor transmission and the relatively poor
rf results, the experiment was valuable in showing that
f interaction can be obtained between a slalom beam
and its focusing structure.

LARGE SrLaLoM TESTER

The amount of transmitted current in the slalom oscil-
lator was disappointing. Since reasonable care had
been taken in the physical design and construction of
the tube it was felt that structural errors could not en-
tirely account for the focusing difficulty. It was evident
that at least part of the trouble lay somewhere in the
beam injection conditions. The small size of the oscilla-
tor, and the fact that it was sealed off, seriously limited
the possibility of making controlled experiments with it;
so a demountable version of the slalom structure and
gun was constructed ten times as large. The gun was
arranged so that the angle at which the beam was
launched could be mechanically adjusted through sev-
eral degrees.

From this tester it was found that the optimum angle
for launching the beam was not 45° from the plane of
the line charges, as originally anticipated, but more
nearly 35°. Moreover, better than 97 per cent transmis-
sion of the beam was obtained over the tester length of
27 wires.

The maximum current density, or perveance, ob-
tained was surprisingly large. The perveance for slalom
tubes may be defined as

p= .. (6)
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where I, is the collector, or transmitted, current in
amperes and 17 is the crossover potential in volts. In
the transmission tests reported here the wires were
maintained at 600 volts to provide a crossover potential
of about 265 volts. Maximum transmission could be ob-
tained for a collector current as high as 8.7 ma or

8.7 X 1073

p=——-

- — —6
(265)°" =2 X 10°¢

At 18 ma collector current the transmission was about
92 per cent and perveance about 4.2 X 1078, The highest
perveance obtained (with a wire potential of 150 volts)
was 12.7 X 107% with a little less than 48 per cent trans-
mission. Since scaling does not-affect the perveance, if
Vo= 1700 volts, a current of about 40 ma could have been
passed through the slalom oscillator with less than 1.5
ma interception on the wires;—provided the structure
had been perfectly aligned and the gun properly de-
signed.

It was also learned from the tester that turning down
the edges of the side plates to form “edge-hats” as
shown in Fig. 7 is a very effective way to contain a
slalom beam of finite width.

ELECTRON BEAM

"EDGE - HATS" -t: B ‘N WIRE
4

& - 3

S L

! N

SIDE PLATE SURFACE

Fig. 7—Cross section of slilom structure illustrating the use of
“edge-hats™ to prevent the beam from spreading sideways.

It should be added here that computations have
shown that stable slalom trajectories do exist, although
the crossover equipotential trajectory is “astable,” i.e.
on the limit of stability, hence, not stable. The optimum
launching conditions and maximum perveance for a
stable slalom beam have been computed in some detail,
and checked experimentally.?

EXTERNAL INJECTION

The external method of beam injection was shown in
IYig. 5. In the only case of external injection studied, the
gun was mechanically over-simple. A flat strip cathode,
beam forming electrode, and anode were mounted out-
side one side plate in which a slit had been cut to allow
entry of the beam. The beam entered the slalom struc-
ture approximately at the midpoint between the first
and second wires, and was deflected down the structure
by operating the first wire at some appropriate negative
potential.

By operating the beam forming electrode negative

3.\ paper on this subject by J. S. Cook, W. H. Louisell, and
\V. H. Yocom, has been submitted for publication in J. Appl. Phys.
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with respect to the cathode it was possible to get 0.55 ma
to the collector out of 0.57 ma total current passing
through the anode slit, or 96 per cent transmission, at a
beam voltage of about 400 volts. The slalom electrode
voltages under the above conditions were within a few
per cent of what one would calculate from the geometry
of the structure.

\WWhen the tube was dismantled the ceramic supports
had a sinuous brown stain winding in and out between
the holes which had mounted the rods. The stain line
crossed the axis of symmetry at an angle of about 35°
instead of 45° as had been anticipated. This stain (the
result of organic deposits on the charged portions of the
ceramic) further corroborates what is now known about
the nature of the stable electron paths. Fig. 8 is a photo-
graph of the ceramic support.

COLLECTOR SUPPORT HOLE

Fig. 8 —Ceramic slalom wire support stained where electrons caused
surface charge during external injection experiment.

DiscussioN

The basic soundness of the principle of slalom focusing
has been demonstrated:

1) A slalom backward-wave oscillator has been made
to operate over a 20 per cent bandwidth, thus
demonstrating the ability of the beam to interact
with its focusing circuit.

2) Comiputer calculations for the launching condi-
tions required to produce a stable slalom beam
have been substantiated by experiments with an
actual slalom electron beam.

There is, of course, a great deal yet to be learned;
but some insight as to the character and possibilities of
slalom focusing has already been gained. At first it was
hoped that a slalom arrangement might lead to greatly
increased interaction between the electron beam and rf
circuit. Closer inspection has dampened this hope.
Rough calculation indicates that the effective longi-
tudinal coupling between a circuit and a slalom beam is
actually somewhat less than that using a straight graz-
ing beam. What effect any transverse field interaction
may have on a slalom beam is still a matter of specula-
tion. Thus, the over-all gain per unit length of a slalom
amplifier may be no better and no worse than that of a
comparable traveling-wave tube using the more usual
straight beam.

Perhaps the most persuasive argument in favor of
slalom focusing is its ability to focus very high perveance
beams electrostatically, as demonstrated in the large
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slalom tester. This perveance compares with the best
periodic magnetic focusing schemes.

There are several varieties of slow wave circuit that
lend themselves to slalom focusing. Of primary interest
are the squashed helix, serpentine or zigzag line,* and
the various moditied easitron type circuits.5:6

How high a frequency one can obtain using slalom
focusing is still a question. If one considers employing
only the fundamental mode of propagation the slalom
circuit is already very small at x-band. This difficulty
can be overcome partially by using oversize circuits
and allowing the beam to interact with higher order
modes or space harmonics. Although their use cuts
down the gain per unit length available, the simplicity
of the electrostatic focusing readily permits the building
of tubes indefinitely long.

This paper has discussed only one general aspect of
slalom focusing; namely, its possibilities in connection
with traveling-wave tubes. Slalom beams may also find
application in the field of switching. If anyone of the
center wires in the linear array is driven negative the
beam will not go past it as usual, but will shoot off to-
ward one of the side plates instead. Where along the

¢ A. Leblond, and G. Mourier, “Etude desligues 4 barreaux a struc-
ture périodique,” Ann. Radioélec., vol. 9, pp. 311-328; October, 1954.

5 J. R. Pierce, “Traveling-Wave Tubes,” D. Van Nostrand Co.,
Inc., New York, N. Y., p. 90; 1950.

¢ A. Karp, “Traveling-wave tube experiments at millimeter wave-

lengths with a new space harmonic circuit,” Proc. IRE, vol. 43,
pp. 41-46; January, 1955.
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array the beam will shoot off will be determined simply
by which wire is made negative. Thus, a high-perve-
ance, well-focused beam may be switched by changing
the potential of an electrode which draws very little cur-
rent. ‘

Yet another possible application of sla‘lom focusing,
takes the form of a short interval storage device. It has
been observed that, if one of the wires in an array is
made negative enough, a slalom beam may actually be
made to double back along the circuit, following the
alternate stable path. If at a given instant a train of
electron bunches is traveling along the circuit and one
wire somewhere ahead of it and one somewhere behind it
are driven to the proper negative potential, the train of
bunches will slalom back and forth between these nega-
tive wires until they are released in one direction or the
other by allowing the negative wires to assume, once
more, their proper positive potential. The possible
storage time would be limited, of course, by collisions
between the electrons and the residual gas molecules,
and possibly by effects due to their own space charge.
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Biperiodic Electrostatic Focusing for High-
Density Electron Beams”
KERN K. N. CHANGT

Summary—A focusing scheme employing two counteracting peri-
odic fields without the use of any magnet is shown to be superior to
schemes which involve only one periodic focusing field. The potential
valley formed by the combination of these two counteracting fields is
steeper than all previous focusing systems and thus is capable of
maintaining a very stable beam flow. The combined field also gives
rise to proper cancellation of the space charge field. This field can-
cellation not only results in an ideal focusing for high-density beam
but also compensates for the potential depression inside the beam.

With a periodic voltage variation of S per cent on the beam, it is
theoretically possible to focus with an ideal gun, an electron beam of
perveance in the order of 1075 amp/volt¥?. With a nonoptimized gun,
a beam of perveance 2 X 10~% amp/volt¥? has been focused to a 97 per
cent current transmission. A 10-db rf gain was observed at a fre-
quency of 2950 mc.

* Original manuscript received by the IRE, May 23, 1957; revised
manuscript received, July 3, 1957.
t RCA Laboratories, Princeton, N. J.

INTRODUCTION

HE development!—3 of beam focusing by periodic
Telectrostatic fields has offered the possibility of a
light-weight focusing system that may result in a
major simplification of traveling-wave tubes. From the
point of view of stability in the beam flow, periodic
electrostatic fields of very short periods® also give a

L P. K. Tien, “Focusing of a long cylindrical electron stream by
means of periodic electrostatic fields,” J. Appl. Phys., vol. 25, pp.
1281-1288; October, 1954.

2 R. Adler, O. M. Kromhout, and P. A. Clavier, “Resonant be-
havior of electron beams in periodically focused tubes for transverse
signal fields,” Proc. IRE, vol. 43, pp. 339-341; March, 1955. Also,
“Transverse-field traveling-wave tubes with periodic electrostatic
focusing,” Proc. IRE, vol. 44, pp. 82-89; January, 1956.

3 K. K. N. Chang, “Confined electron flow in periodic electrostatic
fields of very long short periods ” Proc. IRE, vol. 45, pp. 66-73;
January, 1957.
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focusing superior to those of comparatively long periods.
While promising results® have been obtained in such
focusing systems with thin electron beams of low per-
veance, no attempts have been made with those focusing
systems on thick beams of high perveance. The reason
is that, because of the initial thermal velocity, the space
charge force which is to be balanced by the focusing force
becomes more complicated and uncontrollable as the
current density in the beam becomes larger. If the
focusing system is of the “confined-flow” type, where
the space charge force is relatively small compared with
the external focusing force, a tremendous applied
balancing force is required for high-density beams. The
attainment of this balancing force will complicate the
focusing scheme, and sometimes is not practical. Above
all, the most serious drawback of the previous focusing
systems in using short-period electrostatic fields is the
limitation on the beam size to very thin dimensions.
For thick electron beams, special provisions such as a
specified nonuniform space charge distribution! must be
made in order to maintain a proper force balance in the
beam. These provisions usually offset the simplicity of
using the periodic electrostatic field as the focusing
means.

The following presentation will discuss a new focus-
ing method which, while retaining the feature of sim-
plicity possessed by electrostatically focused tubes, of-
fers an additional merit of focusing a thick beam of high
current density without any special provision. The
method essentially adopts a periodic scheme formed by
two non-coplanar periodic structures which are char-
acterized by extremely short periods. Between these
two structures, an exponential field is formed that varies
in an opposite sense around a “null”” or zero-field plane.
The variation of this exponential field, which happens
to be opposed to that of the space charge field, can be
approximated to balance the same space charge field
within the beam.

A similar biperiodic field of very long period was
used on transverse-field tubes.? The periodic focusing
scheme on those particular tubes, however, has its use
limited to very thin beams with long-period fields.
Since a periodic field of long periods vields a slowly
varying force function instead of an exponential one,
this particular biperiodic focusing scheme results in a
poor stability in the beam flow and thus rules out its use
on high-density electron beams.

FocusiNnGg MobiL

The focusing model to be investigated is shown in
Iig. 1. For analysis, a model of cylindrical geometry
(r, 5) has been chosen with two coaxial periodic ring
structures of radii »; and r, and of periods L, and L.
Suppose a potential difference 21y is applied to each
adjacent pair of rings on the inner structure with an
average potential Vy; and a potential difference 2 V5, on
the outer structure with the same average potential V.
The potential 17(r, 2) between the two structures can be
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Fig. 1—(a) Biperiodic structures of unequal periods. (b)

Biperiodic structure of equal periods.

approximately expressed as follows:5

. 27 . 27
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Iy and K, are the modified Bessel functions. A ring-
type cylindrical beam of radii 7, and 7; constrained be-
tween the two structures is illustrated in the model
being investigated. The electron motions in the electro-
static field produced by the periodic structures follow
the equations®

Vgt

Ff—n—=— By — 0
"ar 4 ’ r (©)
. 1%
z: 7
P (7

{ E. Weber, “Electromagnetic Fields,” John Wiley and Sons, luc.,
New York, N. Y., vol. 1, pp. 458-461; 1950.

s K. K. N. Chang “Optlmum de5|gn of periodic magnet struc-
tures for electron beam focusing,” RCA Rev., vol. 16, pp. 65-81;
March, 1955.
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Here dots denote the derivatives with respect to time,
7 is the ratio of electron charge to mass, and B, is the
cquivalent Brillouin field which represents the space
charge field at an outer radius » with an outer beam
current Io which is, as defined in the Appendix, the part
of the beam current outside the “null” field radius where
the space charge field is zero.
In mks units

I r? — r.?

s ®
V1/2r02 702 —_ re2

B2 = 0.69 X 10°¢

The equations of electron motion (6) and (7) can be
solved approximately by assuming that the beam radius
r is sinusoidally perturbed to a verv small amount
around the equilibrium radius 7., that is,

+7 (2” ) +7 (2” ) ()
Y = Te 71 COS Z o COSY — 2
1 L 2 L

where 71 is the perturbed peak value radius due to its

periodic tield of period Ly and 72, due to the periodic

field of period Ly By differentiating (9) with respect to
time, one obtains

(10)

where the axial velocity £ is

o (7 2)
— cos | — 3
2V, Ly

oo (2" )} 1)
21_ocos ng . (

Expand Vi(r), V(r), Vi/'(r) and Ty'(r), and drop high-
order terms, where primes indicate derivatives with re-
spect tor,

5= 2 = \/2171’0[ +

+ P | 7 (2” >+f (2” )} (12)
.| #1cos z cos Pt
J(r Lr 0 > 2 7
l‘yg()’) = P')(ro’)
. B 27 27 7
+ Vo' (r.) | #1cos (I z) + #ac ( z) (13)
L .1 L. /]
Vi (r) =1/ (re)
. B 27 7
+ V/'(r.)| #1cos ( 2) + 79 cos ( z) (14
L 1 Lo _
Ty () = Vy(r,)
. B 2w 2w 7
+ V)"(r)| %1 cos( z) + 74 cos < z) . (15
L «1 -
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Using the relation

Iy d2r . + . dr
F=—34+32—
dz? dz

(16)
substituting (7) and (9)-(15) in (6), equating the con-
stant terms and the coefficients of the cosine terms of
(6), and remembering that #; and #s are small compared
to r., we have

RRLEAACRTE

Py (r.) ret
—— [(2 ) P2 + T g(ra}ﬂmﬂ—

Te

vy (n)( ) Vo(re) (Lz)ﬁ
fl = o —— fg = —_- —_—— .
2V, 27 2V, 27,

Eq. (17) gives the force balance on the electron beam.
The term on the left-hand side represents the focusing
force contributed by the periodic fields originating from
the ring structure of the radius r,. The restoring forces
which are on the right-hand side consist of the balancing
force due to the periodic field produced by the ring
structure of radius r., and the space charge force. The
balancing force can be made large enough, in some in-
stances, so that the space charge force mayv well be
neglected. This corresponds to a “confined” electron
flow, where the focusing and balancing forces are very
strong compared to the space charge effect. It will be
shown in a later section that the tyvpe of flow resulting
from the force balance in (17) will form a more stable
focusing svstem than all previous ones.

(17)

(18)

EEXAMPLE

For direct application of the above focusing model to
helix-tyvpe traveling-wave tubes, a bifilar helix is used as
the periodic structure. Suppose, for convenience, as a
special case, both the inner and the outer bifilar helices
are wound with the same turns per unit length and thus
are appligd with a periodic field of the same period L
[Fig. 1(b)]. A modified equation of (17) for force bal-
ance in this case is®

L ., L \?. Vy(r.)
l:(%) P + Thtr + <2m> l ‘(“)] 1
L 2‘ " 7 L 72 V ,(fe)
- [(h) VE) e Ve o ( 2m> 7 )} I

2
+ 0B’ -

Te

(19)
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Fig. 3- Potential valley near the equilibrium radius.
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Fig. 2~ Force functions near the equilibrium radius.

The terms (L/2nr)2Vy and (L/2nr)%V,, which are
missing in (17), represent the focusing and balancing
forces due to the angular field resulting from the winding
pitch of the helix. For very small periods, these forces
are very small and can be ignored.

To study the focusing performance of our doubly
periodic electrostatic fields, let us plot (19) as so. As-
sume that a hollow beam is focused in a confined flow
condition at an equilibrium radius r. by these two
periodic electrostatic fields alone. The resultant force
function vs beam radius in the neighborhood of r, is
plotted as curve 1 in Fig. 2. For comparison, resultant
forces in confined flows of previous focusing schemes
using a single periodic electrostatic field are also shown
with the same potential difference on the periodic struc-
tures of the same geometry. Curve 2 indicates the case
in which a centrifugal force? is employed as a bal-

ancing force in such a single periodic focusing scheme.
The case in which a radial electric force® is used as a
restoring force instead is shown by curve 3. The corre-
sponding potential functions of the three cases are
plotted in Fig. 3. The space charge force inside a hollow
beam which has a ratio of the outer radius to the inner
one equal to 1.25 in the coaxial structure of I'ig. 1 is de-
rived in the Appendix and is plotted as curve 4 in Iig. 2
Space charge force is assumed to have a zero field at
r., and an equal but opposite ficld to curve Tat r=1.057..
The dotted curve which is the negative of the space
charge force, is drawn here for the purpose of comparing
the degree of compensation for the space charge inside
the beam by the three indicated focusing systems.

It is interesting to note from Fig. 2 and Fig. 3 that
the doubly periodic fields not only give the steepest po-
tential valley of all but also offer the approximate
cellation to the space charge force everywhere inside a
thick hollow beam. This is extremely important for

can-

6 (). Sauseng, “Investigations on electrostatic focusing of electron
beams,” Ph.D. dissertation, Technische Hochschule Vienna, Vienna,
Austria; 1956.
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focusing a thick beam of very high current density. The
single periodic electrostatic field, as shown by curves 2
and 3 in Fig. 2, deviates very much in magnitude from
the space charge field, and thus limits its use to the
focusing of very thin electron beams near the equi-
librium radius.

In this numerical example, with a periodic voltage
variation of 5 per cent® on the beam, it is possible to
focus an electron beam of perveance in the order of
10=% amp/volt3/2,

EXPERIMENTAL REsunrs

An experimental tube for testing the focusing per-
formance was built and is shown in Fig. 4. The tube
uses an inner bifilar-helix and an outer bifilar-helix as
shown. The dimensions are as follows:

Hollow cathode: od =0.305 inch
id=0.275 inch

Outer bifilar helices: tpi=10
od =0.400 inch
id =0.360 inch

Inner bifilar helices: tpi=10
od =0.220 inch
id =0.180 inch

Helix length: =6 inches.

With a potential difference of 200 v between the two
inner helices and 200 v between the two outer helices
and with an average beam potential of 180 v (which is
cquivalent to a periodic voltage variation of 100 per cent
on the helices but only 5 per cent on the beam) a current
transmission of 97 per cent at a beam current of 4 ma
was obtained. The current transmission would have
been even better and would have operated equally well
at a much higher beam perveance if a better electron
gun had been used. The electron gun used in the particu-
lar tube is a P’lerce type annular gun which was not
optimized in dimensions. The current interception in the
gun is in the order of 25 per cent of the total beam cur-
rent.

The tube was also put on rf tests. The outer bifilar-
helix was used as the rf interacting helix. To eliminate
all possible undesirable rf interaction on the inner helix,
the inner helix was wound with resistive wire in the
same sense as the outer helix. Using coupled helices, a
net power gain of 10 db was observed at a power level
of 100 mw at a frequency of 2950 mc. The observed gain
was found to be in good agreement with the calculated
value.

CoNCILUSION

The focusing scheme employing two counteracting
periodic fields of very short periods is shown to be su-
perior to that which involves only one focusing periodic
field. The potential valley formed by the combination of
these two counteracting periodic fields is steeper than all
previous focusing systems, and thus is capable of main-
taining a very stable beam tlow.
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Fig. 4—An experimental electrostatically focused tube.

The most outstanding feature of the new focusing
system is the proper cancellation between the focusing
field and the space charge field. This field cancellation
not only results in an ideal focusing for the beam but
also compensates for the potential depressian inside the
beam so that all electrons in the beam travel with the
same average velocity. This has never been true in
previous periodic focusing systems of short '‘periods un-
less special provisions have been made.

Eq. (19) reveals that the force balance on the beam
in the confined-flow condition is independent of the
average potential. This may extend the application of
the new focusing scheme to the accelerating region
where the average electron velocity varies with distance.
In the drift region where electrons interact with rf delay
line, if the beam focusing is not dependent upon the dc
velocity of electrons, defocusing caused by rf interaction
may be avoided. ‘

Promising experimental results have been abtained on
an experimental tube especially built for focusing test.
A 97 per cent current transmission has been reached
even with a beam launched from a nonoptimized gun.
RF gain has also been observed, indicating that a
traveling-wave tube can operate without using any
magnet.

APPENDIX

Suppose the electron beam shown by Fig. 1(a) has
been focused to hollow cylindrical ring with radii 7o and
ry with a uniform space charge density p. Then the
Poisson’s equation for the space charge is

1 d v p
————(r—>=—-—- (22)
r dr dr €
lntqgmtion of (22) vields
av pr N 1 c ‘ (23)
dr 2e9 y |

where Cyis an arbitrary constant determined by the
boundary conditions at r=7y and r=r,. In the space-
charge free region, the electric fields are:

av _ b0 — ¢2
dr 72
rin —
7o

forre > 7> r, (24)
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and

v b1 — @i
- = — forr <r <r; (25)

dr ri

rin —

4]

where ¢, is the potential at r=r;; ¢, at r=ry, etc. To
satisfy the boundary conditions, one obtains for the
space charge field

av 1 p 1 [£) ri
—=—=——|r = —r*!ln— 4+ r2ln —
dr r 2e re o r
In—
r
1 260 1 I
(et = 7)o+ (82~ 9) —} ] = ————[r=r2] (20)
2 o r 2¢
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where 7, is the equilibrium radius at which the space
charge field is zero. According to (26)

1 7 re
_ <ro2 In—- 4 r;2ln — )
e To 7

In —
8]

7 =

1 2
+ ? (ro®* — r?) 4+ (p2 — ¢1)‘;—0:|. (27)

I the beam current in the region between the radius 7,
and rq is Iy, then (26) becomes

av V21, 1 72—

— = = = 28
dr dmen'/2V 12 ¥ (28)

The Equalization of Base-Band Noise in
Multichannel FM Radio Systems”®

CHARLES A. PARRYT, SENIOR MEMBER, IRE

Summary—Pre-emphasis and de-emphasis networks are fre-
quently incorporated in the radio equipment of multichannel] systems
in order to improve the distribution of noise among the channels.
The pre-emphasis network has a rising frequency amplitude char-
acteristic and this produces a redistribution of both signal power and
nonlinear noise power over the working spectrum. The improve-
ment in signal-to-noise ratio in any channel which the technique of
equalization affords is dependent not only on this effect, but also
on the contribution of the multiplex equipment to the total channel
noise.

This is discussed for typical networks having a maximum slope
of attenuation of 6 db per octave and the general case when second-
order distortion is predominant. Under practical conditions, the
maximum possible improvement is almost entirely obtained when
the mean power of the multichannel signal is unchanged by the
presence of the networks; a convenient way of establishing this con-
dition with sufficient accuracy is to maintain constant signal energy
at a base-band frequency which is 55 per cent of the highest used.
Practical considerations usually dictate that the networks do not
have a maximum insertion loss exceeding 26 db. With this value and
with the multiplex contributing 25 per cent of the total channel noise,
an improvement of 3.6 db in the signal-to-noise ratio of the top
channel can be expected; provided this loss is not exceeded, the
relative noise power, in general, will still be greatest in the top
channel.

L.1sT oF PrINCIPAL SYMBOLS

f=any frequency in the base band.
fo=value of f when f=0.
Sm=maximum frequency used in the base band.

* Original manuscript received by the IRE, March 19, 1957;
revised manuscript received, July 23, 1957.
t Page Communications Engineers, Inc., Washington 5, D. C.

This corresponds with the top channel of the
associated frequency division multiplex equip-
ment.

fu=frequency at which the insertion loss of the
equalizing network is half maximum (meas-
ured in db).

fz=reference frequency used by Starr and Walker
in the design of certain equalizing networks.

X =f/fn

a=fu/fn

¢ =fz/fm'

¥ =normalized noise power which falls in a nar-
row band in the base band. Subscripts are de-
scribed in the section entitled “The Improve-
ment in Top Channel Signal-to-Noise Ratio
and the Over-all Distribution.” Primes have
been used to indicate that the defined terms
apply at a frequency f with equalization ap-
plied.

y=a distribution factor for nonlincar noise
power. It depends on the relative channel
position and the order of distortion producing
the noise. yi, y; are those factors which pertain
with and without equalization applied, re-
spectively.

k=y/y.. k; is the value applving when y, is
measured at the frequency f and v, is meas-
ured at the frequency f,.

kioksm=values of k at frequency foand f,,, respectively
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B =order of distortion producing nonlinear noise.
In this instance B=2.

K =ratio of the signal power which falls in a chan-
nel with equalization networks inserted to
that without, Ky, value applving at fre-
quency f.

/1 pr=mean power of the multichannel signal with
and without equalization, respectively, deter-
mined when the power at the reference fre-
quency f 1s held constant.,

a=py/ps.

L =maximum insertion loss of the equalizing net-
works in db, as defined in the text, is equal to
20 log L.

b=Yun/¥m, where ¥, is the component of non-
lincar noise due to amplitude nonlinearities
and ¢, is the component due to phase non-
lincarities.

r=ratio of the noise power in a channel due to
the multiplex equipment to the total noise
power in the channel.

d=factor by which the multiplex signal is re-
duced manually at the transmitting terminal,
and increased at the receiving terminal,

p = Tlactor by which the ratio of the signal-to-total
noise in the top channel is increased due to the
use of equalization.

INTRODUCTION

YHE NOISIES which falls in the base band of an fm
radio system increases with the base-band fre-
quency. Consequently, when the system is used in

conjunction with typical frequency division multiplex
equipment, the noise is greatest in the top channel, cor-
responding to the highest frequency in the base band.

In order to redistribute this noise more evenly among
the channels, the practice has arisen to use a form of
base-band equalization, in which the higher frequencies
are emphasized in transmission and corrected on recep-
tion. This has been referred to as “hybrid modulation,”
and “pre-emphasized transmission.” However, the term
“base-band noise equalization” would seem to be a more
appropriate one and will be used in the present text.

The amount of equalization, as indicated in the liter-
ature, varies from 6 to 14 db, but there is little indica-
tion as to the extent of the improvement in the signal-
to-noise ratio which is obtained with the use of these
networks.

It is the purpose of this paper to estimate this im-
provement under typical operating conditions.

Tue Toran CHANNEL NOISE

The noise which falls in the channels of the multi-
channel system arises from two principal sources: 1) the
multiplex equipment and 2) the radio equipment. The
relative contributions of these equipments are subject
to some discussion. For instance, it is generally con-
sidered that for high quality circuits, the multiplex
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should contribute no more than 25 per cent of the total.
On the other hand, when maximum economy is being
employed, it may be expedient to use multiplex equip-
ment which produces a considerably greater proportion
than this. It is apparent that the net improvement in
performance must take this into account, since reduc-
tion in the noise from the radio section wili have less and
less effect as the proportion of noise from ‘the multiplex
Increases.

Tur MurtirLex Noisk

Ideally, the base-band noise equalizing networks
uscd in the radio equipment are complementary; that is,
the input to output frequency response of the radio link
is unaffected by their presence. Consequently, as far as
the multiplex equipment is concerned, the radio link is
“transparent,” and noise from this source will not be
affected by the presence or absence of the networks.

In the operating system, it can be expected that all
the channels will be adjusted to the same transmission
level and that there is a random selection of these chan-
nels. Therefore, it may be assumed that the multiplex
noise is substantially flat over the signal spectrum.

TirE Rabpio NoIsSE

Noise arising in the radio equipment mav be divided

broadly into two categories: |

1) Thermal noise, arising principally from the inputs
to the receivers in the system. Cosmic and local
noise may be grouped with this.

2) Nonlinear noise, which arises from U‘le transniis-

sion of the multichannel signal through the non-
linear components of the system.

The distribution of thermal noise over the base band
has been dealt with extensively in the literature! and
will not be detailed here. In general, this noise has a tri-
angular amplitude spectrum at the output of the re-
ceiver discriminator; the noise power at any frequency f
relative to that at the highest base-band frequency f,, is

given by (f/fw)?

The manner in which the nonlinear roise is dis-
tributed over the useful frequency range was probably
first worked out by Bennett.2 Further investigations
have been made by a number of authors.3—3

''W. R. Bennett, “Methods of solving noise prablems,” Proc.
IRE, vol. 44, pp. 609-638; May, 1956.

2 W. R, Bennett, “Cross modulation requirements on multichan-
nel amplifiers below overload,” Bell Sys. Tech. J., vol. 19, pp. 587—
610; October, 1940.

3 B. B. Jacobsen, “The effect of nonlinear distortion in multi-
channel amplifiers,” Electrical Commun., vol. 19, pp. 29-54; July,
1940,

4 R. A\, Brockbank and C. A. A. Wass, “Nonlinear distortion in
transinission systems,” J. IEE, vol. 92, pt. 111, pp. 45-56; March,
1945.

¢ L. Lewin, “Interference in multichannel circuits,” Wireless Eng.,
vol. 27, pp. 291-303; December, 1950,

¢J. L. Slow, “Intermodulation noise in vhf multichanne! tele-
phone systems,” J. Brit. IRE, vol. 15, pp. 67-83; February, 1955.

"W. T. Brown, “Some factors in the enginecring design of vhf
multichannel telephone equipment,” J. Brit. IRE, val. 14, pp. 51-
74; February, 1954,

8 A. T. Starr and T. L. Walker, “Microwave radio links,” Proc.
IEE, vol. 99, pt. 111, pp. 241-255; September, 1952.
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__1RADIO EQUIPMENT
ONLY

MULTIPLEX 25% OF
TOTAL IN TOP CHANNEL
1

9
RELATIVE CHANNEL POSITION (t/fm)

Fig. 1-—Typical distributions for the signal-to-noise ratio among the
channels of the fm system. The curve for the radio equipment
only is drawn on the basis that the “flat” component of the noise
is 20 db below the “triangular” component in the top channel.
The total noise is the sum of the contributions from the radio and
the multiplex equipments.

It can be shown that the nonlinear noise power ¢
which falls in a band which is narrow compared with
the base band can be given in the form y=Ayp®
where A4 is a constant, p is the mean power of the multi-
channel signal, y is a distribution factor, and 8 is the
order of distortion which produces the noise. If S is the
signal power in this narrow band, we can write the
generalized equation

signal/noise with base-band equalization

signal/noise without base-band equalization

=a Pk K. (1)

Where a=p/ps, K=S51/S:, k=y1/y:;, and the sub-
scripts 1 and 2 refer to the values with and without
equalization respectively.

The GENERAL DISTRIBUTION OF THE COMBINED NOISE

Nonlinear noise in the radio equipment is due to both
phase and amplitude nonlinearities. The component due
to the latter is evenly distributed over the base band.
However, the distribution due to phase nonlinearities
tends to follow the same (f/f.)? law as thermal noise.
Usually, at the highest base-band frequency, it can be
expected that the phase component will be from 20 to 40
db greater than the amplitude component, so that only
the former is significant in the top channels. \When the
multiplex equipment contributes as much as 25 per cent
of the total noise in the worst channel, it is apparent that
the noise in the lower channels is almost entirely from
this source.

The signal energy is uniformly distributed over the
spectrum so the noise power can be used as a measure
of the signal-to-noise ratio in the channels. This has been
shown in Fig. 1 for typical distributions of the various
components of the total noise.
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T /" PRE-EMPHASIS  \ F. M.
FILTER TRANSMITTER
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Fig. 2—General arrangement of the essential elements of the multi-
channel fm radio system, shown for one direction of transmission
only. This diagram is intended particularly to show the locations
of the pre-emphasis and de-emphasis filters.

Basie-Baxp NoiseE EQUALIZATION
The Networks and the Change in Mean Power

The base-band noise equalization is accomplished by
means of networks which have a rising amplitude-fre-
quency characteristic in the transmitter and the inverse
at the receiver. These are referred to as pre-emphasis
and de-emphasis filters (or networks), respectively, and
Fig. 2 shows the usual location of these in the fm radio
equipment.

The simplest form of these networks is shown in Fig.
3. The maximum slope obtained is 6 db per octave and
when this condition applies over the whole of the useful
spectrum, the term “linear pre-emphasis” (and de-
emphasis) is used.

A convenient reference frequency in the design of this
type of network is the frequency at which the insertion
loss is half the maximum. The maximum insertion loss
is here defined as the difference between the insertion
losses measured at zero and at infinite frequency.

In order that the over-all base-band frequency re-
sponse be unaffected by these networks, it is necessary
that they have complementary symmetry.

The principal design factors related to such networks
are also shown in FFig. 3. Typical curves for the pre-
emphasis network are given in Fig. 4. The half-loss fre-
quency has been used as a reference point. The fre-
quency response of this network can be expressed by
normalizing the loss with respect to that at this half-
loss frequency. We then have for R, the ratio of the
signal amplitude at any frequency f to that at the fre-

quency fa,
1 + ‘Y‘ZL 1/2
- {25
L+ X?

where X =f/fu, fa is the frequency corresponding to the
half-loss point and the maximum insertion loss in db is
20 log L (see Fig. 3).

The signal energy is uniformly distributed over the
working spectrum, from zero frequency to the highest
base-band frequency f.. The ratio of the mean power in

(2)
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Fig. 3—Design factors for networks having complementary
symmetry,

the multichannel signal with the pre-emphasis network
in circuit, py, to that without, P2, determined when the
power at the reference fj is held constant, will be given

by
1 a.fh
P/pe = f RuIf
a-fad o
where a =f,,/f,.
This vields
(1— 1% .
pr/pr = ———=tan! (a/L1/2) 4 [.. 3)
aLl’2

This can be solved as a function of L using a as a
parameter. When a=1.8, then p,/p,~1 provided
L <20, corresponding to 26-db insertion loss. This has
been shown graphically in Fig. 5. When a = 1.8, we ob-
tain fu = 0.55 f... This means that if the power at fi is kept
constant, the mean power of the multichannel signal is
virtually unchanged by the presence of the network.
The graphs of Fig. 4 have been drawn by making the
frequency of half loss in the network design correspond
t0 0.55 fm. fu is the highest frequency which is used in the
base band. Under certain conditions of operation, of
course, this may be much less than the highest frequency
which the equipment is designed to handle.

In the case of linear pre-emphasis, the concept of half
maximum loss has no meaning. In this case, the ampli-
tude response is of the form f/f;.

Then

1 a.fh
4 = = / h ¢
pi/p2 a_fhfo (f/fn)af
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Fig. 4—Frequency response obtained for the pre-emphasis network.
In this example the networks are designed so that the frequency
of half-loss corresponds to the base-band f requency equal to
0.55 fm.
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Fig. 5—The ratio p1/p, plotted against maximum insertion loss for
the case in which a =1.8. This curve applies ta (3).

and when a=1.8, p,/p,=1.09, which is less than 0.5-db
change in mean power. f; in this case is simply a refer-
ence point.

The ratio p1/p2 of (3) corresponds, as far as the pres-
ent treatment is concerned, to the factor « in 1.
Since the amplitude at the reference frequency is held
constant, we have from (2) K,=R?, where K, is the
value of K in (1) at the frequency f. Then from (3),
when f,=0.55 f,., a~1 and we have very closely,

L+ X

i o
o/ R =

(4)

For the top channel in the system, X =1.8 and the
value of @/K; for this channel is given in Fig. 6. From
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Fig. 6—The factors /K, and k; vs the maximum insertion loss of the
networks. Design details of these networks are given in Fig. 3,
For these curves, f=fn.

(4), when L— o, a/K;,—0.306. In the case of linear
pre-emphasis, fn/fa=1.8 and then a/K;n—0.334, which
differs by the factor 1.09 indicated above.

Nonlinear Noise Distribution

In typical radio links, it is not unusual for the second-
order distortion to predominate, particularly when
relatively long antenna feeders introduce echo effects.
Starr and Walker® have determined the distribution
factor y for this case, using a pre-emphasis network with
an amplitude frequency characteristic proportional to

(f + f)1? )

where f; is a suitable reference frequency. The basic ex-
pression is then

(¢4 + 2/3¢* + 1/5) — f/fn(¢*/2 + & + 1/2) +

U 1/ — GRS = G
g @ + 1/3)°

where ¢=1,/f. and y gives the noise power relative to
the mean power of the multichannel signal. The con-
stant ¢ for the networks of Fig. 3 can be found by as-
certaining the value which gives the same mean power
as the networks studied by Starr and Walker. The ratio
of the mean power with the network described by (5) to
that without, when the amplitude at zero frequency is
held constant, is given by

1 Im 1
— 1+ f/fe)%df =14+ — -
) RS/ E R
The corresponding ratio for the network described by
(2) is obtained with the aid of (3) when a=1.8. Since
this gives p1/p2~1, the ratio ~L.
Thus we have

1
L=1+4+—
+ 34°
so that
1 1/2
= . 7
¢ [S(L - 1)] M

Parry: Base-Band Noise in Multichannel FM

1531

NO NE TWORK

INSERTION LOSS 10db

INSERTION LOSS 26db
LINEAR PRE-EMPHASIS

Fig. 7—The distribution factor y as a function of the base-band
frequency f.

The distribution factor y has been plotted in Fig. 7 us-
ing this value of ¢. It is useful to refer y to that value
which pertains to the top channel when there is no pre-
emphasis (y=0.5). If k; is this normalized value of ¥
[corresponding to & of (1)], then k;,=2y. For the top
channel, f=f.., so that we obtain

4/2 2/3 0.016
by = 2 (¢4/2 + ¢°/3 + ) ®
fmf o) (¢* + 1/3)?

and from (7) and (8), when L>1, k;,—0.29. The
asymptotic value of %;,, obtained for linear pre-emphasis,
for which ¢ =0, is 0.3, which is in good agreement.

THE IMPROVEMENT IN ToP CHANNEL SIGNAL-TO-
Noisg RaTio AND THE OVER-ALL DISTRIBUTION

It is convenient to normalize the noise power which
falls in a channel with respect to the signal power in this
channel. In this way the sum of the normalized noise
powers from several separate sources may be used as a
measure of the signal-to-noise ratio. It is also conven-
ient to use as a reference the signal-to-noise ratio which
pertains to the top channel prior to equalization.

Let

¥» =normalized nonlinear noise power in the top
channel prior to equalization.

Van=component of ¥, due to amplitude nonlineari-
ties.

¥,»=component of ¥, due to phase nonlinearities.
The correction factor (f/fm)* must be applied to
this to find the power at the frequency f.

It will be assumed here that both Y., and ¥, are due to
the same order of distortion.

b = Yan/Von-
Then Y, =y, (1+5).

Y1 =normalized thermal noise power in the top chan-
nel prior to equalization.

Yr=total normalized noise power due to the radio
equipment.



Ve = ¥n + YL

¥ = normalized multiplex noise appearing in a chan-
nel. This has the same value for all channels,
with or without equalization.

Y7 =total normalized noise power appearing in the
top channel prior to equalization. Then

VY, = ¥m + ¢r.
r = ‘/’m/‘/’f'

Then
Ve = Yu(l — r)/r.

Relations Prior to Equalization

It can be shown that the maximum signal-to-noise
ratio is obtained when ¥,=v,(8—1), where B is the
order of distortion producing the nonlinear noise. Using
this relation we have

Y= ¥a8 = ¢,8/(B - 1)
and, by definition,
Ve = ¥m/1. (9)
Relations Using Base-Band Noise Equalization

The pre-emphasis network will increase the mean
power of the multichannel signal by the factor &, while
the de-emphasis network will decrease the received sig-
nal by the same amount. Suppose now that by means of
a manual adjustment, this signal is reduced at the trans-
mitter and increased at the receiver by a factor 8. The
physical location of these adjustments is shown in Fig.
2. Tt is apparent that the input to output frequency re-
sponse of the radio link will be unchanged by the pres-
ence of these networks and the & control. ¥, is there-
fore unaffected.

The mean power of the (modulating) multichannel
signal will now be increased by the factor @/8 and from
(1) the nonlinear noise in a channel, measured at the
input to the de-emphasis network, will be increased by
the factor («/8)#k,. Thesignal power in the channel is in-
creased by the factor K;/6 where K, has the significance
given in (4). The de-emphasis network and & control
operate equally on signal and noise so that the normal-
izing factor for nonlinear noise power is (a/8)8(8/K,)k;.

The thermal noise is affected only by the de-emphasis
network and & control, so that the thermal noise power
is reduced by the factor §/K;. Thus the normalizing
factor for thermal noise in the channel is §/K;.

The total noise power in the channel corresponding to
the frequency fin the base band will now be

‘//1’ = ‘//an’ + ‘l/pn’ + ‘I/L’ + ‘l/m

where the primes are used to indicate the powers as
previously defined but refer to the frequency fand with
base-band noise equalization applied.
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\We have

Van' =Wanz. (normalizing factor).
¥on' =Ypnz. (normalizing factor)x(f/f..)2.
Y1’ =y ... (normalizing factor).
So, by definition,
, ¥n .
Van! ¥ = T L) + B} @/0R/ K Dy

also,
Vi = Yu(f/fn)2(8/Ky).

Using (9) and the previous definitions, we now get for
the total normalized noise power in a channel corre-
sponding to the frequency f in the hase band

w'=¢%(6;3)(1;35<ﬁ%n%WK»
O
+ ¥ (10)

The use of equalization improves the signal-to-noise
ratio in the top channel by a factor p which is obtained
from (9) and (10). IFor this channel we have f=fn, so
that

1
o= — — . (1)

o)l (el

The maximum value of this ratio can be found in the
usual way by differentiating the denominator with re-
spect to 6 and equating to zero. This gives (a/8)8 =1/k,.
Substituting back in (11) gives

1

(1 = )(a/K) (k) +

= (12)

(max)

In practice, it is usually both convenient and preferable
to arrange that the mean power of the multichannel sig-
nal does not change when the equalizing networks are
introduced into the syvstem. This avoids the possibility
of overload, for instance. For this requirement we have
@/d=1. Substituting this in (10) gives

1

(13)

p
(a=34)

—(1;507(6 14+ k) +
—— (8 — r
B-K, ’

We can now compare the improvement which is ob-
tained for this condition to the maximum possible given
by (12). We will call the ratio of these improvements
¢!, and from (12) and (23) we obtain



e itk +
— (B — r
_BKs T
(1= n)"
K,

This has a maximum for minimum «/K, corresponding
to linear pre-emphasis. Substituting 8=2 and the
asymptotic values of o/ Ky and k; gives

0.215(1 — #) +
€T 01831 — 1) + 1

again taking the limiting case in which the multiplex
noise is negligible, we have r=0, and then e=1.18, or
0.7 db.

Consequently, if the system is adjusted so that the
mean power in the multichannel signal is the same with
and without the networks, the improvement in the
signal-to-noise ratio obtained in the top channel will
be virtually the maximum possible. As indicated by (3),
this condition is achieved by maintaining constant sig-
nal power at the base-band frequency f=0.55 fm.

Curves for the improvement factor p (in db) based on
(13), with 8=2, are given in Fig. 8.

Generally, it is not practical to use equalizers with
more than about 26-db insertion loss. Fig. 8 shows that
with this value and the recommended ratio of 25 per
cent for 7, the use of equalization will effect an improve-
ment of 3.6 db.

It should be pointed out, perhaps, that the ratio r as
used here applies before equalization. This implies that
the ratio will be less after equalization, although the
total noise is less. It is not felt that this decreased ratio
would be considered a disadvantage under the circum-
stances. In the event that the ratio after equalization is
important, it is a simple matter to devise an equation
similar to (13) which is based on the final ratio per-
mitted.

Before design equations can be based on the top chan-
nel noise, it is necessary to determine whether this will
still be greater than that in any other channel, after
equalization has been applied. Eq. (10) can be examined
for this purpose.

Again assume that the mean signal power will be un-
changed so that @ =3§. Also, use (4) for «/K;. Then

[ e

B - DU + 1}. (14)

As before, X =f/fi,=1.8f/fu.

This does not permit a simple algebraic solution and
it is necessary to obtain a graph of ¥, to determine
whether the noise has a maximum in the top channel.
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IMPROVEMENT IN SIGNAL/TOTAL

NOISE IN TOP CHANNEL (db)
T T T T T T
| LINEAR PRE-EMPHASIS P
o 4

CHHH

| LINEAR PRE-EMPHASIS” |
18 20 22 24 26
(db)

L

L L
[¢] 2 3 6 8 0 12 14 16
MAXIMUM INSERTION LOSS OF NETWORK

Fig. 8—The improvement in signal-to-total noise obtained in the
top channel of the fm system when base-band noise equalization
is used and second-order distortion is predominant. r=ratio of
the multiplex noise to total channel noise prior to equalization.
Design details of the networks are given in Fig. 3. The mean
power of the multichannel signal is adjusted to be the same with
or without equalization.

For typical values of L, ¢,” increases as f—0. \When
f=0, X=0. With =2, we then have

I

While for the top channel,

s A et + o

In these cquations, ks, is used to indicate k; at f=f,,
and kg, indicates k; at f=0.

In order that the noise in the top channel exceed that
in the lowest, it is then necessary that

(1= )(L-bky) + 2r(1 + )

124

f=fo

‘Pr, =

f=fm

) i <1
L+ 32 -
1— — ) (% 1 2r |1 1
[0 -0 (5557 Gt )+ o+
from which
b k4 1)L+ 32
<,(i +DUL+3-2) (15)

145" Ry L-(143-2L)

It is useful to observe that this requirement is inde-
pendent of r. The maximum permissible value of b can
be found by substituting values into (15). For instance,
with a 26-db equalizer, L=20; from Fig. 6, k,, 0.36,
and from (6), k;,=3.5. Substituting in (15) gives the
requirecment that <(1/144); that is, the component of
the nonlinear noise due to amplitude nonlinearity must
be at least 21.6 db below that due to phase nonlinearity,
measured in the top channel. This is not an unreason-
able value and is not particularly critical. For instance,
consider that r =25 per cent. If b=0, the noise in the
lowest channel will decrease by 2.5 db; if b increases by
3 db, the noise in the lowest channel will increase by 1.5
db.
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i—RELATIVE SIGNAL /NOISE RATIO (db)

a——T“

6 ————— L <+
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+
o} \ MULTIPLEX NOISE
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J T AFTER EQUALIZATION
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RELATIVE CHANNEL POSITION (f/fm)

Fig. 9—Typical distribution of the signal-to-noise ratios obtained in
the multichannel radio system when second-order distortion is
predominant. These curves are based on the following relations.
The proportion of multiplex noise to total noise prior to equaliza-
tion is 25 per cent. The ratio of the component of nonlinear noise
due to amplitude nonlinearity to the component due to phase
nonlinearity is —21.6 db, measured in the top channel prior to
equalization. The maximum insertion loss of the equalizers is 26
db. The improvement in the signal-to-noise ratio obtained in the
top channel (f=f,) is seen to be 3.6 db, which agrees with the
value obtained from Fig. 8. [The curves for Fig. 9 are based on
(14) and the following substitutions apply: 8=2, b=1/144, r
=0.25, L=20.]

Thercfore, it would appear that in general, provided
the maximum insertion loss of the equalizer does not ex-
ceed about 26 db, the noise will still be greatest in the
top channel, and the system design can be based on this.
The expected distribution of the various noise powers
are shown for the values given above in Fig. 9.

As can be seen from Fig. 8, there is little improve-
ment to be gained by increasing the equalizer loss be-
yond 26 db and from (15), it is apparent that to do so
will only impose more severe requirements on the ratio
b. This is one reason why there is generally little ad-
vantage to be gained by using larger equalizers and
usually a maximum insertion loss from 14 to 20 db is
adequate.

APPLYING EQUALIZATION

The following method may be used to adjust the sys-
tem incorporating equalization.

1) The system is designed as an ordinary fm system.
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The highest base-band frequency f,, will be determined
by the number of channels and the bandwidth per chan-
nel. The equalizer networks to be used can then be de-
signed on the basis that the frequency of half maximum
loss will be equal to 0.55 f,,.

2) The net improvement in the top channel signal-to-
noise ratio can be obtained from Fig. 8.

3) The transmission level per channel is readily de-
termined from a knowledge of equipment characteris-
tics and required performance.? The system is designed
on this basis.

4) Afterthe system is adjusted as a straight fm system,
the equalizer networks are introduced into circuit. To
readjust the system, the following procedure is used. A
single-tone signal is injected into the equipment such
that its frequency in the base band is 0.55 f,,. The trans-
mission level is measured at the receiver output. The
pre-emphasis network is then inserted and the § control
in the modulator (Fig. 2) adjusted so that the received
signal is the same as it was before the network was in-
serted. The same procedure is now used with the de-
emphasis network and associated § control.

This completes the system adjustment.

CONCLUSION

Simple networks may be used in the fm radio system
to effect an improvement in the top channel signal-to-
noise ratio. When the system is adjusted so that the
mean power of the multichannel signal is unchanged by
the presence of these networks, the improvement is
virtually the maximum possible. A convenient indica-
tion for this condition is that the signal power at a fre-
quency in the base band which is 55 per cent of the high-
est frequency used will remain constant.

The net improvement depends on the proportion of
multiplex noise in the total channel noise. When this is
25 per cent, a 3.6-db improvement would ke expected
with an equalizer having a maximum insertion loss of 26
db. Provided the loss does not exceed this value, it can
be expected that the noise will be greatest in the top
channel even with equalization, so the system design
may proceed on this premise.

® C. A. Parry, “Design Factors for the Optimisation of Multi-

channel Radio Systems,” paper no. CP 57-60 presented at AIEE
winter conference; January 22, 1957,

CTNE=TO
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Theory of a Wide-Gap Emitter for Transistors”

HERBERT KROEMERY, MEMBER, IRE

Summary—1In order to obtain a high current amplification factor,
it is important in transistors that the ratio of the injected minority
carrier current over the total emitter current, ~, be close to unity,
or that the quantity 1 —v, called the injection deficit, be as small as
possible.

It is shown that the injection deficit of an emitter can be de-
creased by several orders of magnitude if the emitter has a higher
band gap than the base region. This effect can be utilized either in
addition to the commonly used high emitter doping in order to
eliminate the alpha falloff with current, or to decrease the high
emitter doping in order to obtain a lower emitter capacitance.

Decreasing the emitter capacitance in high-frequency transistors
may be utilized either to extend their frequency range or to increase
their power capabilities by increasing the area.

INTRODUCTION

N important quantity characterizing the emitter
of any transistor is the emitter efficiency, 7, de-

fined as that fraction of the total emitter current
that is minority-carrier injection current. Since the cur-
rent amplification factor, a.., is proportional to v, it is
desirable that v be high. Actually, it is very important
that v be close to unity. In the usual grounded-emitter
operation the current amplification factor of the tran-
sistor is

Uee

Ueh =
1 — ac.

From this it follows that a change oi v such that «,, in-
creases from 0.98 to 0.99 (percentagewise a verv small
change of about 1 per cent) increases aq from about 49
to about 99, that is, by a factor of two. It is therefore
more appropriate to consider the “injection deficit” { —y
=~ (1—+)/v rather than v itself as a measure of the
transistor performance. In a good transistor, the injec-
tion deficit ought to be small.
In a p-n-p transistor,

= (2
Jut s
11—y Ja
== = 3)
Y 7p

where j, and j, are the densities of the hole and electron
currents at the emitter junction. In order to obtain a low
ratio of electron to hole current, it is necessary in a semi-
conductor with constant band gap to dope the p side of
the junction much more heavily than the n side. There
are practical limits, however, as to the magnitude of
doping possible, and there are situations where a high

* Original manuscript received by the IRE, April 12, 1957; re-
vised manuscript received, July 20, 1957,
t RC\ Labs., Princeton, N. J.

doping of the emitter is undesirable for other reasons.
In all cases, an improvement could be obtained if the
injection deficit could be decreased by other means
instead of, or in addition to, the high doping.

The purpose of this paper is to point out that it is
possible to lower the injection deficit by using an emit-
ter material with a wider band gap than the base ma-

ELECTRONS
-—

(b)

Fig. 1—Band structure of a wide-gap emitter junction. (a) With
constant gap outside the depletion region and (b) with linear gap
variation inside the emitter.

terial (Fig. 1).! The reason for this is that in such a case
the activation energy (or contact potential) gV, for
electrons flowing from the base into the emitter is higher
than the activation energy (or contact potential) ¢V,
for holes entering the base from the emitter (see Fig. 1).
The difference in activation energies is the difference in
bandwidth, AE. Since the activation energy enters ex-
ponentially into the current-flow equations, this means
a decrease in the injection deficit by a fraction of
exp(—AE/kT),all other things being equal. This isshown
quantitatively in the next section.

! It has been pointed out to the author that this principle was
first suggested by \W. Shockley in U. S. Patent No. 2,569,347, issued
September 25, 1951.



Tue InjecTioN DEFICIT IN A WIDE-
NARROW JUNCTION

We introduce the following notation:

Jns jo=-¢lectron and hole current densities at
the junction.
D,., D, =diffusion constants for electrons in the
emitter and holes in the base, and
L., Ly =corresponding diffusion lengths.
Toe, Pob=equilibrium minority carrier densities
in the emitter (electrons) and the base
(holes) adjoining to the junction.
V =applied bias.
ni., N =intrinsic carrier densities of the emitter
and base semiconductors.
P., Ny=net acceptor density in the emitter and
net donor density in the base.
Mae¥, m,,,*}

- ¢ =cffective masses of the electrons and the
Mup™, Mpp

holes in the emitter region and the base
region.

L, E,=emitter band gap and base band gap.
AEy=E,—E,.

\WVith this notation for a simple p-n junction,?

Dy.citoe 4
"= ’q-L' '<e 27: - 1) &8

Dyup, %
o= 120 (A 1) (45)
Los kT
h D, L Moe
TR )
5 pr Lne pob
Now,
Nig b (6 b)
noe = N O - a
Pe ' P * [Vb ’

[Furthermore,

1“‘2 mnc*mpe* 3/2
= — exp =

Tep? My * M pp*

(AE/ET)  (7)

Therefore,

in Dae Lov No [ mactm, F\3/?
J i ”(W J) exp (— AEo/kT). (8)

jp pr Lne ])e

My b*m pb*

This expression differs from that for a junction between
semiconductors of equal band gaps by the factor

* We treat the case of a simple p-n junction rather than a tran-
sistor to obtain more symmetrical notation. In a transistor with a
base width wy< L, one has to replace Ly by w and to omit the “mi-
nus one” behind the exponential factor. For the derivation of (4) see
W. Shockley, “The theory of p-n junctions in semiconductors and
p-n junction transistors,” Bell Sys. Tech. J., vol. 28, pp. 435-489;
July, 1949.
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mne*mpa*
*

) " exp (—AEo/kT) (9)

mnb*mpb

of which the important part is the exponential factor.
I, for example, AE is 0.2 ev, then at room temperature
kT =0.025 ev and AE/ET =8. Assuming the cffective
masses to be identical, the injection deficit is then de-
creased by a factor of e=8=1:3000.

If the band gap in the emitter region is not constant
but increases linearly with increasing distance from the
junctions [Fig. 1(b)], (8) still does not give a full ac-
count of the change in injection deficit. If the above AE,
is the gap difference across the depletion layer and if
AEL is the gap variation along a diffusion length, L,.,
in the emitter, then it can be shown that the factor

fAEL) = 1/(-2—2?)5 :_

has to be added to (4a), (8), and (9). For AE;>>2kT

AL
2kT

(10a)

H(AEL) T«
-—9 .
YT AE

‘L

(10b)

Therefore, a band-gap variation outside the depletion
layer also reduces j./j,. However, this is to a smaller
degree, namely only linearly rather than exponentially.

Eq. (8) does not hold for arbitrarily large AE’s, how-
ever. This is because (4a) holds only so long as the den-
sity of electrons injected into the p-type region remains
small compared to the electron density in the source,
that is in the n-type region. The analogous statement
holds for holes. Mathematically this means

Vo — V> kT
Vo — V> kT

(11a)
(11b)
In a p-type wide-gap emitter V,> V, and (11a) is ful-
filled automatically if (11b) is. Consequently, (8) holds

only for voltages that satisfy (11b). But, (11b) also im-
plies that for a workable wide-gap emitter V, must not

_____ {
g — FERever P !
° T T T By
| 4
f\.qvp

Fig. 2—Wide-narrow junction with negative V,, due to a low
doping ratio. Not suited as wide-gap emitter.

be negative. Therefore, a structure like in Fig. 2 would
not be a good wide-gap emitter because the minority
carrier density in the base is larger than the majority
carrier density in the emitter.



ALPHA AND ALPHA FALLOYF

In order to estimate the influence of the decreased
injection deficit upon a. in a transistor, one has to take
the recombination losses into account. If p is the fraction
of injected carriers that recombine on the way to the
collector, then for p<1, from (1) and (2)

1 Jn
—=p+ (A —-7)=p+—"

Qcp Ir

(12)

If ju/jp is small compared to p, @ is determined solely
by the recombination losses. This is the case for many
transistors at low injection currents. At high injection
currents the injected hole density in the base becomes
comparable to the donor density. To maintain electrical
neutrality, the electrons in the base increase by the same
number. This means that the electron current into the
emitter is bigger than the value given by (4a) by the
factor by which the electron density has increased. For
increasing current, therefore, j./j, is not constant but
increases (linearly) with current. Eventually j./j, be-
comes comparable with and larger than p, resulting in
the well-known alpha falloff.?

If the emitter has a wide band gap, the ratio j,/j, in-
creases with current by the same factor as for an or-
dinary emitter. Since on an absolute scale, however,
Jn/js is lower by the factor (9), the alpha-falloff effect
sets in at much higher current densities. Since j./j, in-
creases linearly with the total current, alpha falloff sets
in at currents which are bigger by the reciprocal of (9),
compared to an otherwise identical constant-gap tran-
sistor. In our numerical example of AE =0.2 ev, the alpha
falloff scts in at 3000 times the current. This meahs the
alpha falloff is practically nonexistent.

CAPACITANCE

Another consequence of the exponential factor in (9)
is the following:* In many transistors for small-signal
operation, it is of not primaryimportance to minimize the
falloff effect to the point of vanishing. In these cases the
exponential factor may be used to decrease the doping
in the emitter by this same factor (9) and still have an
unchanged falloff characteristic. It would then be pos-
sible to have a usable emitter efficiency with an emitter
that has a considerably lower impurity density than
the base region. This, however, would imply a reduced
emitter transition capacitance.

In the case of audio-frequency large-signal transistors,
the emitter transition capacitance is of no great im-
portance while alpha falloff is a very serious effect. In
this case one therefore should maintain the high doping

3W. M. Webster, “On the variation of junction transistor cur-
rent-amplification with emitter current,” Proc. IRE, vol. 42, pp.
914-920; June, 1954.

4 H. Kroemer, “Zur theorie des diffusions und des driftransistors,
part 111, Archiv der Elektrischen Ubertragung, vol. 8, pp.{499-504 .
November, 1954.
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in the emitter. The situation is completely reversed,
however, for verv-high-frequency transistors, like the
drift transistor or the p-n-i-p transistor. In these tran-
sistors the current amplification factor is, under usual
operating conditions, not limited by the injection deficit
but rather by transit time effects. The low-frequency
alpha falloff therefore is not an important quantity in
this case. However, since high-frequency transistors
have a rather high impurity density in the base region,
the emitter capacitance is rather high. As a result, the
emitter capacitance often becomes the limiting factor
for the over-all frequency behavior of the transistor. In
such a case, a wide-gap emitter with a lower doping
might improve the over-all frequency limit considerably.

Quantitatively, the capacitance of an abrupt junction
is® (per unit area)

g¢ NP 1

= _
8r N4+ P V4V,

(13a)

where 17, is the contact potential. If the two sides have
a different dielectric constant,

ge. N e, P 1
= - — (13b)
8r(esN+e,P)V + V,
If P>>N this simplifies to
aV
C = V—qe (14a)
8x(V 4+ V)
while for P&KN
I)
6 = 1/ L (14b)
8r(V + V)

If, in a constant-gap transistor, a doping ratio P: N =30
is assumed as an example, the introduction of a 0.2 ¢v
wider emitter band gap allows a reduction of this ratio
by 1/3000, namely to P: N =1:100 without a change in
v. The capacitance, then, would be decrcased to one
tenth of the original value assuming identical dielectric
constarnts.

A reduction of the emitter capacitance of this order
could be utilized either to increase the frequency limit of
the transistor or to increase the emitter (and collector)
area. In the latter case, one would obtain a higher power
capability for the same frequency response.

TaE WIDE-GAP COLLECTOR

The use of a wide-gap semiconductor in the collector
region would have an advantage onlv if the collector
region at the same time had a lower impurity concentra-
tion than the base region.* Then one would obtain the
lower collector capacitance of a high-resistivity collector
region without the increased saturation current that is
associated with a higher resistivity collector region in the
constant-gap transistor.

5 Shockley, loc. cit.
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Shot Noise in Transistors”
G. H. HANSON{, MEMBER, IRE, AND A. VAN DER ZIEL}, FELLOW, IRE

Summary—The shot noise generated in a transistor may be rep-
resented in an equivalent circuit by a current generator i, across the
collector junction and an emf e, in series with the emitter junction.

The characteristics of i, have been established by measurements
of output equivalent saturated diode current made with the input
open. The noise is independent of frequency up to approximately
fav/1—ay,, where f, is the a-cutoff frequency of the transistor. It in-
creases sharply in the neighborhood of f,, but then levels off at higher
frequencies. The collector saturated current shows full shot effect
up to frequencies well beyond the a-cutoff frequency. Information
about e, and about the correlation between e, and i, has been ob-
tained from measurements of the noise figure. At low frequencies
(f<f,), e, and i, are partially correlated for some transistors, while in
others there is little or no correlation. Except for very small values of
the source resistance, the main contribution to the noise figure comes
from i, rather than from e,.

The experimental results are interpreted in terms of a recent the-
ory by van der Ziel. Good agreement has been obtained.

INTRODUCTION
&S TRANSISTOR technology advances, the fre-

quency response is being increased steadily while

= excess noise or If noise is gradually being re-

duced. The result is that over most of the frequency

range of modern transistors, the limit of sensitivity is
set by shot noise.

The shot noise in a p-n-p junction transistor operated
in the grounded base connection may be represented in
the equivalent circuit of Fig. 1 by a noise voltage ¢, in
series with the emitter junction and a noise current
generator 7, in parallel with the collector junction. The
noise is completely specified, provided that the magni-
tude of e, and of 4, and the correlation of e, and 7, are
known over the frequency range of interest. Recent
work by van der Ziel' has provided theoretical expres-
sions for these quantities. Some measurements made
over a limited frequency range by Hanson? tended to
support van der Ziel's theory. This paper will describe
measurements of (,%)ay Over a range of frequencies ex-
tending to as high as 10f., where f, is the a-cutoff fre-
quency. In addition, the results of measurements of
{e.2)uv and {e,*i,)av at frequencies much less than f, will
be given.

METHOD OF MEASUREMENT

In the measurements described here, the transistor
under test was mounted in the grounded base connec-

* Original manuscript received by the IRE, June 20, 1957; revised
manuscript received, August 27, 1957. This work was supported by
the U. S. Army Signal Corps.

t Bell Telephone Labs., Allentown, Pa. Formerly at Dept.
of Elec. Eng., University of Minnesota, Minneapolis, Minn.

t Dept. of Elec. Eng., University of Minnesota, Minneapolis,
Minn.

1 A, van der Ziel, “Theory of shot noise in junction diodes and
junction transistors,” Proc. IRE, vol. 43, pp. 1639-1646; November,
1953. See also Proc. IRE, vol. 45, p. 1011; July, 1957.

2 G. H. Hanson, “Shot noise in p-n-p transistors,” J. Appl. Phys.,
vol. 26, pp. 1388-1389; November, 1955.
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Fig. 1—Equivalent circuit for noise of a p-n-p transistor operated
in ground'ed base connection. The emf’s u..V. and us V. may be
omitted since they do not influence the noise figure.
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tion at the input of a preamplifier. A noise diode, Syl-
vania 5722, was used as a standard noise source. The
equipment contained amplifiers tuned to 17 different
frequencies spaced throughout the range from 1 kc to
60 mc. A common preamplifier was used for the chan-
nels below 1 mc. At the higher frequencies, several tuned
preamplifiers are fed into common mixers and IF ampli-
fiers. As a result of this arrangement the bandwidth of
each amplifier was much smaller than that of the corre-
sponding input circuits, a feature that is necessary for
the accurate measurement of noise figures.

Lifear detectors were used to rectify the outputs of
each amplifier, which were then measured on micro-
ammeters. The measurements were made by comparing
the rectified output due to noise from the transistor with
that due to noise from the transistor plus the saturated
diode.

The contribution of the noise generator e, may be
made negligible compared to that of 4, by the insertion
of a large resistance in the emitter circuit of the transis-
tor. The noise from 7, may then be measured directly in
terms of output equivalent saturated diode current I
(defined by (4,%)av=2elAf). For such measurements
the noise diode is placed in the collector circuit of the
transistor.

The magnitude of ¢, and the correlation between e,
and ¢, cannot be measured directly. However, measure-
ments of the noise figure F may be used to determine
these quantities indirectly in a manner that will be de-
scribed later. In this work, the noise figures were meas-
ured by comparing noise from the transistor with that
generated in a saturated diode in the emitter circuit of
the transistor. If I, is the diode plate current required
to double the output noise power and if R, is the source
resistance, the noise figure is given by

I' = 2014R,. (1)



MEASUREMENTS OF {7%)ay AND COMPARISON
WitH THE THEORY

Van der Ziel's theory gives the following expression
for the noise current generator i,:

2el . Af
2(’[,(&0 - | a ‘2)Af+ ze(lc)sutAf (2)

where the collector saturated current ([.)sa: is defined
as the collector current for zero emitter current. We see
that for zero emitter current

(1.])2"uv =

Teg = (Lc)eat (2a)
at all frequencies.
Since Io=aol,+ (Ic)any, (2) may be written
(i) = 2611 = |a[*/an)df 4 2e(/ )il @[}y, (3)
Substituting
Ll = o/ [t + (f/fa)?] 4)

where f, is the a-cutoff frequency, we obtain, if (Zc)sa
<<Ic(l —(Yo)i

Jeq = 1.(1 — aq) for <K fa, (32)
Jog = 2I(1 — ao) for [ = fur/1 — a, (3b)
Toq = T(1 — Lag) for f = fo, (30
o =1 for > fa. (3d)

Eq. (3b) indicates that I, has risen to twice the low-
frequency value at the frequency f=fav/1—ao; for
ae=0.96 this corresponds to the frequency 0.2f,. Eq.
(3¢) indicates that the measurements of I may be used
to determine the a-cutoff frequency of the transistor.
The value thus obtained is called the “apparent” a-cut-
off frequency of the transistor in this paper; it agrees
closely with the value of f, obtained by other methods.

Results of measurements on different types of tran-
sistors are shown in Figs. 2 and 3. In Fig. 2, the noise
spectra of a germanium junction transistor manu-
factured by the Telefunken Company of Ulm, Germany,
are shown. This unit has an a-cutoff frequency of about
400 kc and o is 0.98. At frequencies below 50 k¢, If
noise predominates. However, at higher frequencies, the
shot noise steadily increases to a maximum at about
2 mc and then decreases somewhat. This behavior is the
same as that reported earlier for similar transistors,? but
the readings extend to much higher frequencies. A simi-
lar graph is shown in Fig. 3 for a germanium surface
barrier transistor. This unit has an a-cutoff frequency
of about 15 mc. In addition to excess noise, there is a
shot noise component which is relatively small and
constant up to about 0.2f, but which increases in the
neighborhood of f. to a value many times as great. It
then levels off again. This behavior is in accord with
van der Ziel's theory.

The noise of an RCA drift transistor was measured in
a similar way, but in this case, the maximum frequency
of measurement (60 mc) was too low for the complete

Hanson and van der Ziel:
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Fig. 2—Noise spectra of a low-frequency junction transistor. (The
curves are not corrected for the thermal noise of the output circuit
and for the induced grid noise of the first stage of the amplifier.)
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Fig. 3—Noise spectra of a surface barrier transistor. (The curves are
not corrected for the thermal noise of the output circuit and for
the induced grid noise of the first stage of the amplifier.)

spectrum to be obtained. There was reasonably good
agreement with van der Ziel’s theory at low frequencies,
but it appears that for f>f,, the noise is increasing at a
rate such that the theoretical values may be exceeded
by a factor of two or so. It should be noted that (2) was
obtained on the assumption that carrier motion in the
base region of the transistor is due to diffusion only,
whereas in this unit, the motion is partly due to drift.

A summary of the measurements and the correspond-
ing theoretical values for several transistors is given in
Table I. All of the measurements reported in this paper
were taken with a collector voltage of 1 volt. The shot
noise is not directly dependent on collector voltage.
However, there is an indirect relation, based on the de-
pendence of fa, @g, and (Ic)ese on collector voltage.

In each case comparisons are made for f<f. and for
f>f.. In addition, the apparent values of f,, as deduced
from the noise measurements, are given. In almost all
cases, the differences are less than the corresponding ex-
perimental errors. The agreement between I, and
I.(1—ay) is not very good for the first transistor, but
here the condition (I.).:<KI.(1 —ao) was not satisfied.
Making the necessary corrections gives reasonable
agreement in this case too. As a result, there can be little
doubt as to the correctness of the theory as it applies to
the equivalent saturated diode current. It is important
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TABLLE 1
COMPARISON OF SOME THEORETICAL AND IEXPERIMENTAL QQUANTITIES RELATING TO THE EQUIVALENT SATURATED

D10DE CURRENT OF A TRANSISTOR. ALL CURRENTS ARE IN MICROAMPERES

1540
Transistor Type Ie I, (hf) | ag

Germanium junction 950 1000 0
200 240 0

50 35 0

Silicon surface barrier 525 420 0
35 | 30 0

Germanium surface barrier [ 1100 1360 0
25 20 0

Germanium surface barrier 740 700 0.
35 30 0.

0.

Germanium diffused base 1100 (2000)

to note that the agreement exists for transistors whose
a-cutoff frequencies differ by more than 100 to 1.
The data given in Table I are for shot noise only, the
contributions of If noise and of thermal noise gener-
ated in the biasing resistors having been subtracted. A
further correction has been made at high frequencies to
account for the fact that the thermal noise voltage de-
veloped between & and b is not negligible in comparison
with the noise voltage developed across the collector
capacitance C.. (See Fig. 1.) We then have for the open
circuit noise voltage at the ouput, providing 1/wC.<L7..

() = $kTroAf + (26l GAf)/w?C.2

= [ry? + 1/02C2]|2el . Af. (3)
Here I., is the true equivalent saturated diode current
of the noise current generator ,, and I.," is the value

measured. Solving (5) for I, yields

T = T (1 + @Ce2ry?) — (2kT/e)w?Cctry.  (6)

This effect is at least partly responsible for the apparent
decrease in noise at the high frequency end of the curves
in Fig. 2.

Corrected experimental curves for a Philco silicon
transistor are shown in Fig. 4, together with theoretical
curves based on (2). The a-cutoff frequency assumed in
obtaining the theoretical curves is that which gives the
best fit to the experimental data. The close agreement
between theory and experiment is evident from this
graph.

Some measuremeits were made at zero emitter cur-
rent to determine whether the collector current (Ic)sas
shows full shot noise at all frequencies (except for the
If component, of course). For a silicon transistor, for
which (I.)ex is less than 0.01 pamp, only noise corre-
sponding to the thermal noise of the input and output
circuits was found. However, for a germanium transistor
with an (/) of 8 pa, the measured values of Iq were
about 8 ua above the thermal noise level of the output
stage for a frequency range extending well beyond f,.
Thus, it may be concluded that the collector saturated
current shows full shot effect at all frequencies, in
agreement with the theory.

.916

720

98

(I —ao) !, (Ic)sat T (1) fa (Apparent)
976 23 [ 5 40 500 ke
.978 4 ! 5 18 450 kc
.978 1 5 10 400 kc
44 <0.001 42 6 mc
.871 | 4 7 7 mc
.923 [ 85 0.2 90 10 mc
1923 [ 2 3 12 me
205 | 0.5 195 30 mc
680 | 11 9 20 mc
| 22 — 11 30 me
|c’|
l Corrected Experimental Curve =
Theoretical Curve ' /—\
103}
| I=525 44
E== e e
I=125 44
L — o= _
10 F
123544
-3 H o= ) 3 2z

0
frequency (mag

Fig. +—-Comparison of theoretical and experimental values of noise
for a surface barrier silicon transistor. (Corrected for the thermal
noise of output impedance, the induced grid noise of the first
stage of the amplifier and for the influence of ry.)

MEASUREMENT OF (€,%)ay AND {€,*ip)ay AND
CompPARISON WiTIHI THE THEORY

The magnitude of the noise generator ¢, and the cor-
relation between e, and 7, cannot be measured directly.
However, these quantities can be determined indirectly
from measurements of noise figure. The method will be
outlined here.

The noise figure of a transistor operated in the
grounded base connection may be obtained by con-
sidering Fig. 1. The result is

, . 2
| —¢Cs + lpétot/al

ry
F=1+ b -
kTR, Af

7)
R, (
where Zyw=2Z.,+Z,+r.
Let ¢, be split into a part e,/ that is completely corre-
lated with 7, and a part e,”’ that is uncorrelated with 7,.
That is,
e, =¢' +e&''; e, i, = 0. (8)
One may then introduce the quantities Jo, K., and Z;
such that
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TABLE 11
NOISE PROPERTIES OF TRANSISTORS IDEDUCED FROM MEASUREMENTS OF NOISE FIGURES AT Low FREQUENCIES
I'ransistor Type Frequency 1 o(uar) Iey(na) Ieq (Direct) R () re/2(52) Ri() c
Germanium surface barrier 1) 400 ke | 20 l 1.6 3.0 | 510 600 115 | 0.052
{ 220 | 23 18 81 53 33 0.068
| | 1100 | 107 100 ’ 192 11 4 0.016
Germanium surface barrier 2) 400 kc 30 ! 11. 9 } 225 305 i 360 [ 0.7
635 22 20 { 125 | 150 [ 180 | 0.23
240 75 | 65 | 66 | 39 i 98 0.44
700 204 | 200 9 | 13 16 0.16
Germanium-diffused base 800 ke 1050 29 30 23 12 30 . 0.13
Silicon surface barrier 400 ke 19 10 8 ‘ 585 | 625 | 100 |
540 58 00 | 25 | 22 | —100 |
R - I — - - ~ | —— | — B _— _ _
(i,00av = 2elqAf, (N ol
(€)' ?)av = kTR, Af, (10)
Zl = ae,'/i,, (11) S0l
Under the conditions Z.=R,, Z;= R, (low frequencies), w0
substitution of (9), (10), and (11) into (7) yields, 5 Lero0pa
P12 qu(R+ R)
P14 2( ) (Re+ 1 — Ry
2kT | a |2 20+
N e Teq
2T |alt °
e leq ., L — . .
(Rus + 1) + T l:g (R. + rv — RY)* 20 10t W 1o suo®
+ - ) - - R o ) (12) Fig. 5 Noise figure of a surface barrier transistor as a
’ function of source resistance.
which may be written as
ap=0.95 and f. =15 me, 2) an experimental (1954) sur-
F — A+ BR, + C/R.. a3 o Y ) ! (1954)

Thus, it is possible to measure F as a function of the
source resistance R, and to determine A, B, and C from
the measurements. One may then calculate Iq, R,, and
R, and from them {(g,2)a, and {e,*i, . Comparing (12)
and (13) yields, for example:

Tq = (2kT/e) | «|®B,
R.+ re — Ry = 3(4 — 1)/B,
o + Rus = C — 3(4 — 1)¥/B.

(13a)

Expressions for R,, and Ry are given by van der Ziel
where it is shown, for example, that R,=0 and R.,~%r.
at low frequencies; here 7, is the resistance of the emitter
junction.

A typical graph of I as a function of R, is shown in
Fig. 5 for a surface barrier transistor. A theoretical
curve, based on (13), has been fitted to the experimental
points and is shown as a dashed line. It is to be noted
that the value of the source resistance corresponding to
minimum noise figure is strongly dependent on collector
current.

The results of noise figure measurements on several
transistors are shown in Table 11 (above). The tran-
sistors arc: 1) a Philco surface barrier transistor with

face barrier transistor with ag=10.70 and f,=50 mc, 3)
a Philco silicon transistor with ap=0.90 and f.=06 mc,
and 4) an RCA drift transistor. In addition to the ¢uan-
tities Jfoq, R.s, and R, discussed above, three other
quantities are tabulated for comparison. These are: the
equivalent saturated diode current I measured di-
rectly as described in the previous section, the correla-
tion coefficient ¢, and 7./2, r. being the resistance of the
forward biased emitter junction. The correlation co-
efficient ¢ is defined by

¢ = (Cs*ip>nV[<esg>nv ' (ip2>ﬂVJ Ak

and can be expressed in terms of Ieq, Ry, R,

IZach of the quantities Ioq, Ras and ¢ may be com-
pared with their theoretical values. In the case of I,
it is better to compare the valucs obtained in the above
manner with those obtained by direct measurement as
described in the previous section. The agreement, as
shown in Table 11, is excellent at all operating points.

The agreement between R,, and }r. is not so good,
although the theoretical and experimental values differ
by less than a factor of two. The reason for the rather
large errors is that, in the calculation of R,, in terms of
the observed values of 4, B, and C from (13a), the
quantity (7, + R.,,) is expressed as a difference between

(14)
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two terms of comparable size. It may be said that the
agreement is as close as could be expected from the ac-
curacy of the measurements.

The theory predicts that the correlation coefficient ¢
should be nearly zero, except for small values of I,
comparable with ([.)e:. The values for ¢ shown in the
table were calculated from the experimental data; if
one takes into account the large limit of experimental
error (especially for the drift transistor), one may con-
clude that the agreement with theory is good. The only
important exception is a high frequency surface barrier
transistor with a low value of ay; here the determination
of ¢ was much more accurate and the deviation between
theory and experiment is far outside the limit of experi-
mental error. Since this transistor has a rather low
emitter efficiency, which is the main cause for the low
value of ag, one might be tempted to attribute the dis-
crepancy to this fact; unfortunately a more detailed
theoretical investigation does not seem to support this
view.

One may calculate the relative contributions of e, and
of i, to F. For a surface barrier transistor, calculation
shows that at high collector currents ¢, is by far the
more important quantity, even for low values of R,.
However, at low currents, e, gives the greater contribu-
tion if R, is small, but its contribution is still almost
negligible if R, is large.

The above calculations, together with data such as
shown in Fig. 5 enable one to specify conditions under
which transistors should be operated if a low noise figure
is required. These conditions may be summarized as
follows:

1) The collector current should be relatively small.
This reduces the contribution of the noise current gen-
erator i,. However, at extremely low currents, the noise
generator e, is important and, furthermore, the reduc-
tion in « prevents the quantity (2,Z40)/c from changing
much.

2) The transistor should have a small collector satu-
rated current (7c)sat.

3) The source resistance R, should be that which
yields minimum noise figure at the operating point in
question. It is necessary to change R, if I, is changed.

4) The transistor should have a, very close to unity.
This will reduce the contribution of the noise generator
ip.

5) The a-cutoff frequency of the transistor should be
high enough so that the increase in noise near f, does
not degrade the average noise figure for the frequency
range being used.

The above criteria relate to noise considerations only.
The conditions for maximum gain may be quite differ-
ent. When the frequency range is such that excess noise
is important the above results may also be modified.
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However, the condition of low collector current will very
likely be desirable in those circumstances also.

After this paper was completed, articles by Guggen-
buehl and Strutt® and by Nielsen* were published. Their
results agree quite well with our data, and in some cases
considerably extend them. Nielsen simplified the
equivalent circuit by neglecting the correlation between
e, and 1, and found that the simplified circuit agreed
quite well with the experimental data. Gugéenbuehl and
Strutt use equivalent but somewhat different formulas
for the noise figure and also find good agreement be-
tween theory and experiment. At high frequencies and
high-current levels they report deviations between
theory and experiments.

Our results do not extend to sufficiently high cur-
rents to verify their results.

CoNcLUsION '

The measurements of equivalent saturated diode cur-
rent at the output with open input have established the
characteristics of the noise current generator 7,. The
close agreement with an existing theory of transistor
noise verifies the theory in a convincing manner. It has
been found that the collector saturated current of a
transistor shows full shot effect up to frequencies well
above the a-cutoff frequency. This result is in agree-
ment with the above theory. ‘

The measurements of noise figure at low frequencies
have yielded information about e,. In addition, it has
been found that there is some correlation between the
two noise sources for some transistors, bat that in
others there is little or no correlation. These results give
further support to the theory despite some disagree-
ment regarding the correlation coefficient.

The measurements indicate that in order to design
circuits with low-noise figures it is best to choose tran-
sistors with small (/¢)s with ao near unity and f, much
higher than the maximum frequency of operation. The
transistor should be operated at a relatively small col-
lector current and the source resistance should be care-
fully chosen.
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Correspondence

Spectrum Analyzer for Whistlers*

I read with interest the paper by Grier-
son'! in which he describes the need for a high-
speed multiple-filter spectrum analyzer for
audio frequencies and states that no instru-
ment of this type is available because of
filter tolerance requirements and necessity
for a multiple display systen.

Raytheon’s Missile Systems Division has
been selling for several years instruments
similar to the one described in the paper.
These analyzers have 420 narrow-band
magnetostriction filters and a high-speed
capacitance commutator for sampling the
filter response voltages. A typical model
analyzes 10.5 kc with resolution of 75 cps
across the band and analysis rates of 60
or 100 scans per second.

Because of the high analysis rates, the
only practical way to record analyzed
data has been photography of A-scope or
Z-axis oscilloscope presentations with single-
frame, continuous strip, or motion picture
cameras. Since Grierson’s paper was writ-
ten, an Alden high-speed helix recorder has
been successfully used with the analyzer.
This combination provides a 5-inch-wide
permanent recording of frequency vs real
time with amplitude indicated by the in-
tensity or darkness of the recording. Graphs
can be produced continuously without edit-
ing and with a resolution comparable to the
analyzer itself.

RayMoND R. NELsON
Raytheon Mfg. Co.
Bedford, Mass.

* Received by the IRE, June 25, 1957,

1 J. K. Grierson, “A technique for the rapid analy-
sissof whistlers,” Proc. IRE, vol. 45, pp. 806-811; June,
1957.

Long Life Microwatt Batteries*
THE ZamBoN1 CELL

In 1806, Behrens made voltaic cells with
flints coated on one side with zinc and on the
other, with copper. He also used disks of
zing, copper, and gilt paper {1].

In 1810, de Luc reported his experiments
with dry cells—he called them “Electric
Columns”—using zing, silver, and writing
paper [2]. In order to obtain good contact
between the paper and the metals, he glued
the paper to the metals, at first to both, but
later to only one. He discovered that the
flow of current was aided if the disk of paper
was negative, and hindered if the paper was
glued to the positive metallic disk.

* Received by the IRE, March 1, 1957,
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These cells gave only the smallest of
movements to a gold leaf electroscope, even
when assembled in groups of twenty. When
the paper disks were glued, the divergence
of the gold leaves was five times as great.

De Luc made two cells consisting of 900
zinc, 700 tin, and 1600 gilt paper disks,
with which he tried to keep a pendulum
swinging, but without success until he
fitted a small spring.

In 1812, Zamboni, professor of physics
at Verona, improved on the de Luc ar-
rangement by using ungummed silvered
paper disks with a layer of manganese di-
oxide mixed with honey, on the nonmetallic
side; he called the device a dry cell [3], [4].

Zamboni assembled 2000 disks tied
together with silk threads and covered the
outside with gum mastic. The container was
a glass tube covered inside and out with
sealing wax. Two of these cells were mounted
vertically, five inches apart, on a brass base.
Midway between the two cells he placed a
movable needle, about two-thirds of the
height of the cells, consisting of a fine glass
tube with a small brass ring attached to the
top end. The needle was pivoted and sup-
ported by a brass pedestal attached to the
base. The lower end of the needle carried
a crescent shaped counterweight.

The small brass ring was alternately at-
tracted to large brass knobs mounted at
the top of each cell. These knobs were con-
nected to the top plates of the cells, one
knob being positive and the other negative.
Zamboni reported that the needle had been
oscillating at about 30 cycles per minute for
two years without interruption and that the
rate of oscillation could be regulated, either
by making the pendulum heavier or by
moving the counterweight.

A paper published in 1814 was entitled,
“An Explanation of the Zamboni Perpetual
Electric Motor” [5].

In 1840, a Zamboni cell was constructed
at the Clarendon Laboratory at Oxford
University, where I saw it operating in 1923,
Two columns containing 2000 elements of
zinc, filter paper, and copper were installed
under a bell jar to operate a bell. From all
accounts the bell is still ringing [6].

THE ELCELL OR IMPROVED ZAMBONI
CELL

All the foregoing was known well over a
century ago. Today, many circuits in elec-
tronic and nucleonic work call for high
potentials withoutany, or,at least, very small
currents. Outstanding war time require-
ments were applications of the infrared con-
verter tube, or “Snooperscope,” the voltage
requirements of which can be several thou-
sand volts, with current requirements of
the order of 0.01 to 0.04 microampere
[7}-91.

With many possible peace time appli-
cations, there may be a need for small power
sources based on the Zamboni cell principle,

which offer light weight, long life, quick
recovery after overload, high-short-circuit
current, and possible other advantages.
Light weight has been aided by the increase
in voltage per disk from 0.6 v to 1.3 v.

By increasing the active area of the disks
to 3, 9, 16, or 25 square inches, it is now
possible to draw from 0.05 to 1 microampere
continuously, and much more if the load is
intermittent, as e.g., pulse work. Much
larger currents can be drawn if the area is
increased by connecting a number of disks
in parallel.

Containers must have high resistivity, or
else the stacks of disks, with their high-
internal resistance, may be shunted by a
lower resistance path, which could gradually
drain the cell.

The recovery rate after severe overload,
or short-circuit conditions, is quite rapid
and complete. One source of the overloading
of cells with small areas may be due to
reading of high voltages on a VTVM. For
reading open-circuit voltages, the scale
should be multiplied by placing a resistance
of the order of 12,000 megohms in series
with the VTVM, thus reducing the current
to a small value. Alternately, electrostatic
voltmeters may be used for the higher values.

Elcells have been used to construct a
“decade” battery, by using ten “ones”;
ten “tens,” and ten “hundreds,” connected
to three-ceramic-type ten-position switches.

Single elements are remarkably stable
over long periods, especially after stabiliz-
ing. Mass production methods can be used
to produce reliable 500 and 1000 volt bat-
teries, with taps at convenient intervals,
which can be used singly or linked in series
with a decade battery for voltage adjust-
ment purposes. Cells can be trickle charged,
if higher voltages are required temporarily.

As the continuous rating depends on the
area of the coating, there is no limit to the
current which may be drawn, with large in-
creases in the short-circuit currents. For
example, two 1-volt batteries, each with
540 square inches of active surface, have
been used to operate continuously anoscillat-
ing circuit at af and uhf for long periods,
using a transistor drawing 10 microamperes.

The short-circuit current of a 540 square
inch (45 elementsof 12 square inchesin paral-
lel) 1-volt battery is in the order of 24
milliamperes and one can draw intermittent
currents of this magnitude for very short
intervals. These large currents will rapidly
diminish if drawn continuously, but when
the load is relinquished the battery will
rapidly recover due to the high recuperative
properties of the battery.

Thousands of square inches can be simply
made on a coating machine and will give 1
niilliampere and upwards, with correspond-
ingly higher intermittent currents on low
resistance loads.

As the power requirements of electronic
equipment decreases with the incorporation
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of solid-state active components, the use of

these batteries becomes more feasible. Even

now potential employment with transistors

in the form of frequency (or time) refer-

ences, warning systems, low-level signal
sources, etc., is quite evident.

CyriL F. ELWELL

Consulting Eng.

Hewlett-Packard Co.

Palo Alto, Calif

BiIBLIOGRAPHY

Das Merkwurdige aus Versuchen
Gilberts Ann. Phys., Vol. 23

[1] Behrens, G. B,
iber Electricitit,”
(1806), pp. 1-27.

{2} de Lue, ). A. “On the Electric Column and Atmos-
pheric hlectroscope. Nicholson's J. Nal. Phil., Vol.
27 (May, 1810), pp. 81-99.

[3] Gilbert .. W., De Luc, and Zamboni. “Historical
Note on Their Dry Electric Cell,” Gilberts Ann.
Phys., Vol. 49 (1815), pp. 35-61, 67-99, 100128,

[4] “Dissertation on the Klectric Dry Pile.” Brugnatel-
li's Giornale di Fisica, Vol. § (December, 1812),
pp. 424-446; Vol. 6 (January, 1813), pp. 31-43,

[S] Assalini. z\n Explanation of the Perpetual Elec-
tric Motor,” Giornale dell’ Adige (1814)

[6] Corrosion, (February, 1948), p

{7] Morton, G. A., and Flory, L F Eleclromcs Vol.
19 (Septembcr. 1946), pp. 112-114.

[8] Pratt, T. H. “The Infra-Red Converter Tube,”
Electronic Eng., Vol. 20 (September, 1948), pp.

274-278, n
91 Elliott, A. “The Dry Voltaic Pile,” Electronic

Eng., Vol. 20 (October .1948), pp. 317-319.

Masers and Reactance Amplifiers—
Basic Power Relations*

The general power relations for non-
linear reactance amplifiers were developed
in a paper by Manley and Rowe.! These
power relations are simple, but the analysis
from which they were obtained is rather
sophisticated. In a recent communication,?
Weiss presented similar power relations for
the related quantum-mechanical amplifiers
designated generically as Masers. Weiss
derived the latter relations in a simple and
elegant way by using the principle of de-
tailed balancing and the Planck energy re-
lation E=#f. These power relations are
fundamental not only to quantum-mechan-
ical amplifiers such as the Maser and the
Suhl magnetic amplifier,® but also to the
older “classical” counterparts known as the
dielectric and magnetic amplifiers. For this
reason, an alternative simple and nonquan-
tum-mechanical derivation of the power re-
lations given by Manley and Rowe is desir-
able. Such a derivation is presented here.

Consider a nonlinear capacitance modu-
lator consisting of a lossless device, whose
charge vs voltage characteristic is nonlinear,
in series with two sources and a load circuit.
For the latter elements assume the follow-
ing: each of the source voltages is sinusoidal
with characteristic frequencies fi and fe, re-
spectively. To avoid the degenerate case for
which the sum and difference frequencies

* Received by the [RE, :\ugust 16, 1957,

1 J. M. Manley and 1. Ro“e. “Some general
properties of nonlme'lr elements—]’.art 1. General
tnergy relations,” Proc. IRE, vol. 44, pp. 904-913;
July. 956.

2 M. T. Weiss, “Quantum derivation of energy re-
lations analogous to those for nounlinear reactances,”
Proc. IR, vol. 45, pp. 1012-1013; July, 1957,

3. thl “l'rupua.\l for a ferrom.ngnetlc amplifier
in the microwave range,” Phys. Rev., vol. 106, pp.
384--385; April 15, 1957,
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coalesce with the harmonic frequencies, fi
and fi are assumed incommensurable. The
internal source impedances are significant
only at their respective source frequencies.
The load circuit impedance is significant
only at the combination frequency f3=
(mfs £ nf1), where m and n may be any of the
integers 1, 2, 3, . The load circuit volt-
age is thus also sinusoidal with character-
istic frequency fa.

The voltage applied to the nonlinear
capacitor is the sum of the load voltage and
the two source valtages minus the corre-
sponding internal source-impedance voltage
drops. Since these voltages are all sinusoidal
and since the charge vs voltage character-
istic of the capacitor is nonlinear, the result-
ant charge is periodic and representable in
general by a dc term and a series of sinu-
soidal terms in the fundamental and har-
monics of fi and f; and in all possible sum
and difference combinations of fi and fe.
The amplitudes and phases of these terms
are functions of the specific nonlinear device
characteristic and of the amplitudes and
phases of the three voltages, but not of the
frequencies. These conclusions are reached
directly if the nonlinear characteristic is
represented, as it can be, by a power series
in the voltage. The common steady-state
current is the time derivative of the charge
and therefore is representable by a similar
series. The amplitudes of the terms in the
current are proportional to the product of
frequency and amplitude of the correspond-
ing terms in the charge.

Since the nonlinear capacitor is lossless,
conservation of energy requires that the
sum of the load power, P;, and the external
powers, Py and %, supplied by the sources,
be zero.

Pi4 Py + Py = 0. (1

Each term in (1) represents an average
power, given by the dc term arising from the
product of the appropriate voltage and the
common current. The d¢ term insuch prod-
ucts can only arise from the product of
voltage and current of like frequency; the
result is the familiar expression

P = (VI/2) cos ¢
S(xVQ cos ¢) = fuw, (2)

where 1, I, and Q are the respective ampli-
tudes of the voltage, current, and charge in
the corresponding terms of frequency f, and
¢ is the phase angle between voltage and
current or charge. The quantity w is the
energy per cycle; it is analogous to the
quantity Nk in the Weiss paper.?

From (2) the expressions for the external
energy per cycle supplied by each source and
for the load are

i

wy = (xV1Q cos ¢1) = ]’;/f.
we = (xVoQs cos ¢g) = Io/fs
w3 = (wV3(s cos ¢3 )= Pa/fs,

3= mfe £ nfi. (3)
The result of combining (1) and (3) is
fitw) £ nws) + fo (we 4+ man) = 0. (4)

As observed carlier, the amplitudes and
phases of the charge components are func-
tions only of the nonlinear device character-
istic and of the amplitudes and phases of the
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three voltages. [lowever, the load voltage
and current or charge are connected by the
load circuit impedance, which is a function
of f;. Therefore the charge amplitudes and
phases in (3) are also functions of f;. Since
f3 is a linear combination of f; and f» and
not a function of their ratio, the only ad-
missible solution of (4) is the set

w £ nwy =0

we + miwe; =0. &)
By using (3), (5) can be rm\"riltcﬂ as
—P3/(mfs £ ufi) = Po/mfs = £ P\/nfi. (6)

I2q. (6) is the Manley-Rowe power relation
for a load circuit respousive only to the sum
or difference frequency fi= (mfs+nfi). The
minus sign before /%3 indicates that the load
absorbs power. If the load is responsive only
to the sum frequency, both sources supply
power to the load. When the load is arranged
to absorb no power, ’3=0,=P,=0. Thus
there can be no interchangel of power be-
tween the sources unless an absorbing load
is present. The ratio of the power absorbed
by the load to the power supplied by source
is —(I3/P)=1+4+(mfs/nfi). This is the
theoretical stable gain obtained by a lossless
dielectric or magnetic amplifier. Such an
amplifier consists of a signal source of fre-
quency fi, an rf power source of frequency
foo and a suni-frequency toad ‘circuit whose
output is subsequently demodulated.

If the load is responsive only to the dif-
ference frequency, both load and source 1
absorb power from source 2. T hlS is the basis
for the negative resistance ty pe of amplifier
exemplified by the multilevel Maser ampli-
fiers and the Suhl magnetic amplifier. In
these amplifiers source 2 is a “pumping”
source of rf power whose frequency f» is
equal to the sum of the signal frequency fi
and the frequency fi=(fz—/1) of a built-in
or “concealed” circuit. Power is transferred
from source 2, whose frequency f; is the
highest of the three frequencies fi, f2, f to
the signal source and to the “concealed” cir-
cuit. In the language of circuit theory, this
process results in the presence of a negative
resistance across the signal circuit. If the
magnitude of this shunt negative resistance
is greater than the effective shunt resistance
of the signal circuit, the signal voltage is
augmented; this represents an amplification
of the signal. If the magnitude of the shunt
negative resistance is less than the effective
shunt resistance of the signal circuit, os-
cillation can occur.

If the load consists of two circuits in
series, one responsive only to the sum fre-
quency fy=(mfy+nf)) and the other re-
sponsive only to the difference frequency

Sf—=(mf:—nf1), (6) becomes

Bi/nf)) + (Pi/fs) — (P-/f) =0
(Pofmfo) + (Po/f1) + (P-/f0) =0. (D)

When n=m=1, (7) becomes i(lelltical with
the power relations developed by Weiss for
the four-level Maser.

The general Manley-Rowe power rela-
tions can be obtained simply by considering
the load as a series of circuits, each respon-
sive only to a single combination frequency
and including enough circuits to account for
all possible sum and difference frequencies.
For the case of two sources and 2 m load
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circuits, (1) remains the same except that the
coefficients of fi and f, each contain (2m4-1)
terms in the w's. If there is only one source
and m (harmonic) load circuits, (4) simpli-
fies to the form fy-(wi+sum of w,'s)=0.
Further extension to multiple sources and
loads is straightforward.

Although the foregoing derivation was
developed specifically for a lossless nonlinear
capacitor, the method is equally valid for a
lossless nonlinear inductor. The results in
both cases are identical; the power relations
involve only the source and load frequencies
and are independent of the specific charac-
teristics of the nonlinear device.

I am indebted to my colleagues, Dr.
E. G. Fubini and 12, W. Sard, for helpful dis-
cussion.

BERNARD SALZBERG
Airborne Instruments Laboratory, Inc.
Mincola, N. Y.

Very Narrow Base Diode*

The following comments are offered as a
supplement to the above interesting paper.!

It is perhaps worthwhile to point out that
the current-voltage characteristics of a nar-
row base diode come readily from Shockley's?
original solution for the characteristics of a
p-n-p transistor by letting the collector cur-
rent density equal“ —qpusfexp qV./kT—1],
in which V. represents the collector-base
voltage.

It is also interesting to note that the
small amplitude ac behavior of a narrow
base diode with thickness w is like that of a
transmission line with length w which has a
characteristic admittance

A qunl)

=
T RTL

(1 + jor)2exp qVi/kT (1)

terminated by an admittance

Agpps
¥, = juCs + fﬂ’f

exp ¢V i/kT (2)
in which C, represents the capacitance of the
“ohmic” contact, which can be neglected
with a sufficiently good ohmic contact.
Therefore, the admittance may be written

7 = jwCy
14 rexp — 2w(1l 4 jowr)!/2L7!

lv o
+ e rexp — 2u(l + jor)/2L7! 3)

in which r is the current reflection coefticient
equal to (1, — Vo) /(Y4 Vo). Neglecting the
capacitances C, and Gy, (3) gives the same
admittance as (11) of Rediker and Sawyer.
B. R. Gossick
Motorola, Inc.
PPhoenix, Ariz.

* Recened by the IRE, July 26, 1957.

1. Rediker and D, E, Sawyer, Proc. IRE,
vol 45 pp 944-953; July, 1957,

2\\'. Shockley, “The theory of p-n junctions in
semi-conductors and junction transistors,” Bell Sys.
Tech. J., vol. 28, pp. 435-490; July, 1949,

3 All symbols agree with those of Rediker and Saw-
yer, loc. cil., except as noted.
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The Use of Surface Weather Ob-
servations to Predict the Total At-
mospheric Bending of Radio Rays
at Small Elevation Angles*

Recent investigations of the atmospheric
bending of radio rays have been based upon
either a smoothed long term average refrac-
tive index profile! or refractive index pro-
files derived from “mandatory” standard
pressure level data from radiosonde ob-
servations?? neither of which includes the
effects of commonly observed marked de-
partures of the actual refractive index pro-
file from the smoothed profiles so obtained.
It is the purpose of the present study to
evaluate any possible effects of these de-
partures by use of the radiosonde “signif-
icant” level data. Even with allowance for
these departures from a smooth profile, it
will be shown that the surface value of the
refractivity alone may be used to predict
the total bending with useful accuracy even
for clevation angles of arrival or departure,
8o, as small as 10 milliradians. The analysis
was extended to 8,=0 by substitution of pro-
files with strong ground based refractive lay-
ers for the ducting profile since it was found
that the rays were trapped at 6,<8.8 milli-
radians.

The bending, 71.¢, of a radio ray passing
between levels in the atmosphere at which
the refractivities are N; and Vs, can be ex-
pressed in radians by:

T = —J cot Bd.N - 1078 n
‘l

where 6 at any point along the ray path is
the acute angle between the ray and the
tangent to an imaginary sphere concentric
with the earth and passing through this
point of the ray path.
The refractivity, A,

77.0 eIl
N = T (I’+-¥Sl() T ) 2)

. a
is given by,

where P is the station atmospheric pressure
in millibars, RI{ is the per cent of the satu-
ration vapor pressure, ¢,, in millibars at the
absolute temperature, T, in degrees Kelvin,

Since the refractivity data are available
only along the particular paths of ascent
of the radiosondes, the use of such data to
calculate radio ray bending by (1) necessi-
tates the assumption that the atmosphere
is horizontally homogeneous; all the calcu-
lated values of 7 given in this paper have
been obtained on this assumption,

The total bending of a radio ray passing
completely through the atmosphere from
the earth's surface, where N=N,, to the
point where N=0 may be obtained by
integrating (1) by parts:

* Received by the IRE, June 24, 1957; revised
manusumt received, July 19, 1957,

1 M, Schulkin, .»\wr.me radio-ray refraction in
the lower atmosphere,” Proc. IRLE, vol. 40, pp. 554~
561; May, 1952.

2 (. Reber, “Tropospheric refraction near Hawaii,”
IRE TrANS, vol. AP-3, pp. 143-144; July, 1955,
¢ B. M, Fannin and K. H. Jehn, “A study of

radar elevation-angle errors due to atmospheric refrac-
tion,” IRE TRrans, vol. AD.5, pp, 71-77;
1957.

4+ E, K. Smith and 8. Weintraub, “The constants
in the equation for atmospheric refractive index at
Proc.
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radio frequencies,”

1RE, vol. 41, pp. 1035~
1037; August, 1953,
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0
T = — cot8d.N 1076 = N,- 1078 cot b
Na
= f‘m % Nd (cot8)-1076. 3)
(cot B y_o

The second term of (3) contributes less
than 3.5 per cent of the total for 6o=10°and
becomes negligibly small as 6 increases.
Thus the first term of (3) asymptotically
approaches = with increasing 6 and there-
fore will be referred to as the asymptotic
expression.

Following the method described by
Schulkin,! (3) was evaluated using “signif-
icant” level data. The refractive index pro-
files used in the present study were derived
from daily radiosonde observations taken
at eleven selected United States \Weather
Bureau observatories plus those at Fair-
banks, Alaska, and Truk, Caroline Islands.
The selected United States stations (Bis-
marck, N. D., Columbia, Mo., Denver,
Colo., Ely, Nev., Joliet, I, Mianu, Fla.,
Portland, Maine, San Antonio, Tex., Santa
Maria, Calif., Tatoosh, Wash., and Wash-
ington, D. C.) seemed to give adequate
coverage of the climatic variations found
within the country. The individual radio-
sonde observations taken during the years
19511952 were examined for cach observ-
ing site and an example typical of each of the
following four conditions was selected from
each station: the profiles associated with the
maximum and minimum of the surface value
of the refractivity, a lincar profile, and a pro-
file with a ground-based duct. Also, if typical
of the observation site, a fifth profile with an
elevated duct was analyzed. Many times the
linear and minimunt surface value profiles
were thesame. The profiles, examplesof which
are shown in Fig. 1, were selected to obtain

AN\

Representative refractivity profiles.

eters,

Fig. t

a measure of the maximum variation of total
bending as a function of both geographic
and refractive index profile variations. The
value of N, is given with each of the profiles.
The total bending was calculated for each
of the sclected profiles for values of 8y rang-
ing from 0° to 15°, When this was done it was
found that the ducting profiles trapped only
those radio rays of 8;<10 mr. In fact, the av-
crage value of 8 for which the present selec-
tion of ducts trapped the radio rays was 5.1
mr with a maximum observed value of 8.8
mr. The total bending was obtained for
0<60,<10 mr by substituting a profile with a
strong ground-based refractive laver for the
ducting profiles. By this is meant a ground-
based layer with a gradient between 0.130
and 0.145 N units per meter instead of the
ducting gradient of at least 0.157 N units
per meter,
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The radiosonde observations extended
from the surface to at least 15 kilometers
above the observing site. The small portion
of total bending produced by the atmosphere
above the radiosonde observation was eval-
uated by assuming an exponential decay of
refractivity with height® with no allowance
for ionospheric refraction.

These total bendings were then exam-
ined by comparing all values at a common
0. It was noted, for 8,=15° that the maxi-
mum total bending at cach station was ob-
tained from the profile having the maximum
value of N,. This was in contrast to 8,=0.57°
(10 mir) where 8 of the 13 stations have the
maximum value of total bending associated
with a profile characterized by a surface-
based duct. Thus, except for low angles, the
total bending does not appear to be a sensi-
tive function of the refractivity profile. Fur-
ther, it was observed that the value of total
bending obtained from a particular profile
type from one particular observation site
would be greater or less than the total bend-
ing obtained from a similar profile at another
location, depending upon whether the value
of N, was greater or less at the first ob-
servation point. Thus, the conclusion that
generally greater total bending is observed
with the higher values of N, regardless of
geographic location or profile type led to
the pooling of all the total bendings cal-
culated at a common 6,. These data, given
on Fig. 2 for 6=0°, 1°, 3°, and 15° indicate
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Fig. 2—Regression lines of total bending, r, on the
surface refractivity, N,.

that r appears to be a linear function of N,.
This suggests that the following regression
relations might be employed to predict the
total bending in terms of N,, assuming that
N, is measured with negligible error:

¥ A. C. Stickland, “Refraction in the Lower
Atmosphere and its Applications to the Propagation
of Radio Waves,"” pp. 253-266, Meteorological Factors
in Radio-Wave Propagation, Rep. of a conference held
on April 8, 1956 at the Royal Inst. London, by The
Phys., Soc. and The Royal Meteorological Soc.
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TABLE 1

Values of b and a in the regression equation r=0N,+a, where: r is the total bending in
milliradians, N, the value of the radio refractivity at the earth’s surface, b the change in
total bending expressed in milliradians per unit change in N, and a is the zero intercept.

8o 7 a SE | l
(mr) ‘ (mr) 4 ’ b | (mr) ‘ (mr) | 37 ' p
0.0 | 19.94 | 0.643 | 0.1318 [—24.10 6.75 8.81 | 23.4 percent
1.0 17.48 0.740 0.1030 |—-16.91 4.02 5.98 32 .8 per cent
10.0 l 11.85 ‘ 0.891 | 0.0537 |— 6.05 1.17 2.57 54 .5 per cent
17.5 9.57 0.973 0.0398 |— 3.70 0.402 1.74 76.9 per ceut
30.0 7.34 0.992 [0.0275 |— 1.84 | 0.150 l 1.18 87.3 per cent
52.3 5.15 0.997 | 0.0174 |— 0.663 | 0.0553 0.746 | 92.6 per cent
261.5 ’ 1.26 | 0.995 | 0.00375 + 0.00766 0.0161 | 0.161 | 89.9 per cent
r is the correlation coefficient.
SE is the standard error of prediction using the regression line.
sy is the standard deviation of the calculated values of the total bending.
T = bN, + a. (€)) De
»” 318 Wke of p
Examples of such regression lines are given i I
on Fig. 2 and statistics pertinent to all of ~i
them are given in Table I. (Note the rela- H ~
tively large correlation coefficients, r, even & — B -
for 8o = 0. § = -
In Table I, SE is the standard error of 3 O, ton 1o,
predicting the total bending from the re- EE~— -
gression line, while the final column, headed $° :
p, is the percentage reduction of the un- Yoo w0t
certainty of estimating = by using these %”
regression lines: & L R e S

SE -
p= (1 - —) 100 per cent. @
S

These percentage reductions assume that
the atmosphere is horizontally homogeneous
and do not consider the fact that the pro-
file characteristics in one portion of the
ray path might tend to counterbalaince
those for other pcrtions of the ray path,
with the result that the total bending could
be expected to be nearer the value obtained
by the regression line. For this reason, the
standard errors of prediction given in Table
I are perhaps too large.

It is observed that more of the uncer-
tainty in estimating r is removed by using
the regression line as 6, increases. Even
though this error is relatively large at 8,<10
mr, it appears that the best practical esti-
mate of r would be obtained from these re-
gression lines since they depend only upon
N,, which is readily available, rather than
detailed knowledge of the refractivity profile
which is not generally available. The fact
that ducts were omitted from this analysisat
80<10 mr does not exclude this range of 8,
from normal applications of the resultssince,
as Cowan'’s analysis of radiosonde data has
shown,® the maximum monthly incidence of
ground-based ducts in the United States is
less than 25 per cent

Interpolation for 8, may be done by refer-
ence to Fig. 3 where values of slope, b, and
zero intercept, a, are given as a function of
8o. The values of the zero intercept are given
as “a430" to facilitate graphical presenta-
tion. The asymptotic expression is used to
estimate a and b for 8,>15°. These values,
shown on Fig. 3 as dashed curves, would not

¢ L. W. Cowan, *A radio climatology survey of the
U.S.,” Proc. Conf. on Radio Meteorology, Univ. of
Texsns. Austin, Texas, art., I11-3; November 9-12,
1953.

8, @ Milinodians

Fig. 3—Values of ¢ and b in the expression r =bN, +a
where b is the regression coeficient (milliradian
change per unit change in N,} and a is the value
of r when

+ =0

be expected to differ from those of the re-
gression line by more than the 0.02 mr ob-
served at 0,=15°,

The seasonal or geographic variation of
the total bending may be conveniently esti-
mated by reference to climatic variation of
N,.7.3

The authors gratefully acknowledge the
suggestions of K. A. Norton and the general
assistance of Mrs. D. I’. Gates.

B. R. BEaN

and B. A. CanoonN

National Bureau of Standards
Boulder, Colo.

7 B. R. Bean, “Some meteorological effects on
scattered radio waves,” IRE Traxs., vol. CS-4, pp.
32-38; March, 1956,

' B. R. Bean, “Sur I'ntilisation des observations
météorologiques courantes en propagation radio-
élesc;rique." Ondé Elect., no. 362, np. 411-415; May,
19

Arc Prevention Using P-N Junc-
tion Reverse Transient*

The minority carrier storage phenomenon
in p-n junctions will permit a transient re-
verse current to flow through a junction
after the bias is switched from the forward
to the back direction. The duration of the

* Received by the IRE, March 19, 1957; revised
manuscript received, July 22, 1957,
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reverse transient depends, in part, on the
lifetimes of the minority carriers and the
magnitudes of the forward and back biases.
For typical commercially available junction
diodes, the reverse resistance will vary by
several orders of magnitude within a few
microseconds after the bias is switched
negative. This rapid variation in resistance
has been used to provide a temporary low
resistance shunt across a pair of relay con-
tacts. This prevents the full load voltage
from appearing across the relay contacts
until they are well separated, thereby
eliminating the usual arc, and also providing
a faster over-all current breaking action.
The circuit of Fig. 1 represents a normal
relay-controlled circuit if switch S is open.

1.5V
l } 1
N U=
l \
RELAY
bt
osCILLOSCOPE
éon
+—

il

va(goV} N

Fig. 1—Relay-controlled circuit with biased p-»n
junction across contacts,

Fig. 2(a) is an oscillogram of the current
through the load at relay break, with Sopen.
An arc is drawn for about 3 milliseconds.
The oscillogram in Fig. 2(b) was obtained on
relay make, with S open. The contact
bounce is quite evident, and an arc is drawn
on each bounce.

If the switch S is closed, the junction has
a 1.5-volt forward bias whenever the relay
contacts are closed. When the relay con-
tacts are opened, the junction is biased nega-
tive and provides a low resistance shunt
across the relay contacts for a few micro-
seconds after the relay opens. Fig. 2(c) and
2(d) show the current through the load at
relay break and relay make, with S closed.
‘There is no discernible arcing.

The operation of the suppression circuit
is further illustrated by Fig. 2(e) which was
obtained with a double-beam oscilloscope.
The upper trace shows the current through
the load circuit dropping rapidly to zero at
relay break. The lower trace shows the
current through the diode and was obtained
by placing a small resistor (0.5 ohm) in
series with the diode and feeding the voltage
across this resistor to the second input of the
double-beam scope. The diode current runs
forward when the relay contacts are closed,
decreases as the relay contacts develop a
resistance comparable to the diode forward
resistance, reverses direction as the contact
is broken, and returns to zero as the diode
reverse resistance increases.

"T'he author would like to thank C. Gadzi-
ala for his assistance in carrying out the
measurements.
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Fig. 2—Oscillograms obtained with circuit of Fig. 1.
A double-beam oscilloscope was used in (e), with
the second input connected so as to measure cur-
rent through the diode.

WiLLiaM MILLER
American Machine and Foundry Co.
Greenwich, Conn,

On Higher Order Approximations
to the Solution of Nonuniform
Transmission Lines*

From the familiar transmission line equa-
tions we can derive! the following differential
equation for a nonuniform line:

* Received by the IRE, June 13, 1957.

1 R. W. Klopfenstein, *A transmission line taper of
improved design,” Proc. IRE, vol. 44, pp. 31-35;
January, 1956.
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dp .
I—27p+(1 —p)F(x) =0 1
X
where
_ V= Zo()
T @
F(x) = —12—- dd_x [ln Zo(x)]
and

x =coordinate in the direction of prop-
agation
V(x) =the voltage along the line
I(x) =the current along the line
Zo(x) =the nominal characteristic imped-

ance
y=a+j8=the nominal propagation
coefficient

a =the nominal attenuation coefficient
B =the nominal phase coefficient.

Bolinder? has shown that a good approx-
imation to the solution of (1) can be ob-
tained by neglecting the term p*(p*<1). Our
present aim is to find an approach leading to
a solution, which can be made as accurate as
desired. Thus, consider the differential equa-
tion

d
=+ F@) =0 3)
X

satisfying the boundary condition p(})=0
(I is the length of the taper). Let p;(x)denote
the solution of (3) and e(x) the difference be-
tween p1(x) and the solution of the exact (1).
The substitution of pi(x)+e(x) for p in (1)
leads to

d
d—; — 2ye— F(x)

(2@ + 2ep(x) + ] = 0. (4)

The manner in which higher order ap-
proximations to the function p are obtained
is as follows. pi(x) is the first-order approx-
imation; the second-order approximation is
given by pi(x)+ea(x), where «(x) is the
solution of (4) with 2¢ p1(x) + ¢ neglected in
comparison with pi2(x); if only € is neglected,
then third-order approximation is obtained.

The fourth-order approximation is ob-
tained by substitution p(x)=pi(x)+e(x)
+u(x) in (1), where pi(x) + es(x) is the third-
order approximation, and so on for higher
order approximations.

By proceeding in the manner indicated
above, it can be shown that the second-order
approximation to the p(x) function is given
by pi(x) +a(x), with

a(x) = exp [2 fot'ydf] f.:pn’(Z)F(Z)
vexp [—2 f o' ~,dz] ds. )

The quantity of primary interest is the
input reflection coefficient p(0), which to the
first approximation is given by p1(0), and to
the second order of quantities by p2(0)

1 E. F. Bolinder, “Fourier transforms in the theory
of inhomogeneous transmission lines,” Proc. IRE,
vol. 38, p. 1354; November, 1950,
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Fig. 1—Successive approximations to the reflection
coefficient of the exponential taper. |p| =the exact
solution, |pi| = first-order approximation, |p:|
=second-order approximation.

i 1 1

Fig. 2—The quantities |p| —‘lpa| and |p] — ||
as a function of 8l.

=p1(0) +«(0). These quantities are shown
plotted in Fig. 1 as a function of 8/ and con-
trasted with the exact solution for the ex-
ponential taper. (8 has been assumed inde-
pendent of x.) Since the approximations are
very good it is more instructive to plot the
difference between the exact value and the
approximate, as shown in Fig. 2. In this nu-
merical example it has been assumed that
ZQ/Z[ =¢3,

It will be observed that, for values gl
greater than about 2.5, the difference be-
tween the second-order approximation and
the exact value is negligibly small. For small
values of 8l and particularly for 8l=0, the
difference is significant. It transpires, how-
ever, that for this particular value (81 =0) it
is possible to derive expressions for the re-
flection coefficient in a closed form as fol-
lows. To the second order of quantities the
reflection coefficient is given by
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1 Z,y 1 ( Zy\?
0)=—In——— _= 6
pO =7, ©
and to the third order of quantities the re-
flection coefficient is given by

1z 1 1 Zyne
eem2 s Ll =(Ltin®
7 (0) 4'"z.+2e”’[ (z "zl>]

V2InZ)Z,
. f exp v%dv
1]

_ ll Zz 1 (] Zz>a+ 1 (] Zz>5
2"z T 2a\"z) Ti50\ "z,

(n3)+
105.2\ " 7, '

However, it can be shown from the exact
formulas that the reflection coefficient is
given by

VAR AY
Z:+ Z,

S (— i — ) Zo\ %
—2; QB! — ka<ln /—)

Al
V' Z 1y Zn zz>s
B (1in:
2 "z, 24(“Z.>+240<n21

=—1In
17 Zz *
41320(‘" Zl> + :

It will be observed from (6)-(8) that the
third-order approximation is accurate up to
and including the third member of the series
and the fourth member is in error by a con-
stant factor.

On a percentage basis, the reflection co-
efficient for 8/=01is in error by 31,3 per cent
for the first order, 12.5 per cent for the sec-
ond, and 0.97 per cent for the third-order ap-
proximation, if Z,/Z,=e¢2

8

LaszLo SoLYMAR

Standard Telecommunication
Labs., Ltd.

Enfield, Middlesex, England

Unilateralized Common Collector
Transistor Amplifier*

A unilateralized transistor amplifier with
very high input impedance, very low output
impedance, and good transfer gain may be
obtained with the circuit of Fig, 1. The input
impedance may also be adjusted to a preset
value in a wide range, thus permitting input
matching. The circuit consists of a common
collector amplifier where positive feedback
is used to keep the input impedance con-
stant, independent of the load. It may also
be viewed as a common collector hook con-
nection or hook p-n-p-n (or n-p-n-p tran-
sistor.

Letting Z,i equal infinity at first, and as-
suming identical parameters for the two
transistors, the input and the output imped-

* Received by the IRE, June 20, 1957
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Fig. 1

ances in the linear range of operation are ap-
proximately

Ze(1 = a)ze/2 + Z.]
Z,+ 2 — Qa — 1)z/2
Zout =4 [Zc — Q2a — ])Z¢/2]

Zin =

n

'[] 1+ 2.2 +] (1 — a)z. 2]]'

In particular, if Z.=(2a—1) z/2 the ampli-
fier is unilateralized and (1) reduces to

Zin ~az./2,  Zow ~0. 2
More accurately, Zou 2r.+r,/2. The upper
limit of Zin is az./2, the voltage gain is close
to one, the current gain is inversely propor-
tional to Z.. If Zg is finite, the critical value
of Z. for unilateralization and the corre-
sponding value of Zi, become smaller.
This amplifier, within its mnge and fre-
quency limitations, may be considered as an
example of synthesis of the so-called ideal
amplifier, which has infinite-input imped-
ance and zero-output impedance. It may be
shown that the dual case (infinite-input ad-
mittance, zero-output admittance) may be
approximated with a common base hook
transistor using positive feedback.
I.tcio M. VALLESE
Dept. of Elec. Eng.
Polytechnic Inst. of Brooklyn
Brooklyn 1, N.Y.

Improvement of Impedance for
Microwave Reflector Feed*

Dr, L. J. Chu has shown in V. S. Patent
2,646,506 how the impedance for the feed of
a pill-box antenna can be improved by split-
ting the reflector into two parts and utiliz-
ing a split waveguide feed arrangement to
excite them. The reflector halves are placed
in a staggered relationship with respect to
the direction of the beam, by a distance of a
quarter wavelength. Each feed half is placed
at the focus of its reflector, but there is a
phase displacement of a quarter waveguide
wavelength with respect to the common in-

* Received by the IRE, July 22, 1957.
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put which produces a common in-phase wave
front for the energy from the reflectors. By
this arrangement, the reflections back into
the feed svstem from the reflector surfaces
are minimized, but the radiating properties
of the antenna as a whole are retained.
This same principle has been applied to
the more commonly used simple-type
paraboloid reflector antenna. The reflector
was split into two parts in the H plane and
rejoined with a quarter-wavelength step
between them. The halves were separated by
a neutral plane so that they could function
independently as radiators. See Fig. 1. A
hook-type waveguide feed was set into this
neutral plane and split into two parts by this
neutral plane, throughout the bend of the
waveguide and the mouths of the feed
proper. The proper phasing was secured by
a variation of the forward ‘position of the
bends of the two waveguide paths. E-plane
flaps were provided at each feed opening to

Correspondence

give the proper reflector illumination. Fig.
2 shows diagramatically the feed and reflec-
tor relationships.

The standing-wave ratio achieved is indi-
cated in Fig. 3. There is every reason to
believe that this could be improved by more
careful balancing of the halves of the system
and more accurate adjustment of the phas-
ing.

The comparisons of radiated patterns,
with a simple reflector antenna, are indicated
in Fig. 4. The side-lobe level refers to the
amplitude of the highest side lobe (in some
cases this side lobe was not the closest to
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Fig. 3—Standing-wave ratio of split-paraboloid antenna.
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the main beam). Theory indicates that the

back-lobe structure should be improved

when compared with the simple reflector

antenna. This we were unable to verify ex-
perimentally.

M. W. SCHELDORF

Andrew Corp.

Chicago 19, I1L

A Simplified Procedure for Finding
Fourier Coefficients*

In correspondence on the above paper,
Brenner and Fatehchand! seem to imply
they are extending Gibbons’ work beyond
that which has been accomplished to date
here in the United States, and Klotter claims
this procedure is well-known in Europe, but
there scems to be only a single author here
utilizing this method.

I would like to point out that Truxal, in
his recent book,? describes in detail the
method? as applied to pulse-type waveforms.

JeanN A. DEVELET, JRr.
Ramo-Wooldridge Corp.
Los Angeles 45, Calif.

* Received by the IRE, August 1, 1957. J. F. Gib-
bons, Proc. IRE, vol. 45, p. 243; February, 1957.

1 E. Brenner, R. Fatehchand, and K. Klotter,
Proc. IRE, vol, 45, pp. 1022-1024; July. 1957.

2 J. G. Truxal, “Control System Synthesis,” Mc-
Graw-Hill Book Co., New York, N. Y.; 1955.

3 Ibid.. pp. 375-390,

On the Universal Standard of Time
and the Velocity of Light*

Recently, many efforts have been di-
rected toward a more accurate definition of
the unit of time by exploring new and more
reliable methods. The establishment of a
standard with both high precision and ready
reproducibility is still one of the most
vehemently discussed problems of modern
science.

The techniques that rely upon the appli-
cation of atomic factors and their depend-
ence on periodically recurring events within
a statistical mean have emerged with the
greatest promise for success. The intended

{ . . i . . . . . .
Split-Paraboloid Antenna Af}:;‘;a combination of microphysical intervals with
Freanenc o0 7010 713 Sa1s 1m0 713 astronomical events appears to be satisfac-
auency : ! iR tory throughout a bandwidth of 20 orders
Beam Width Degrees (E) 2.5 2.6 2.4 2.4 2.5 2.4 of mfigmtude of the hasic repetitive period.
| (1) 2.4 2.5 2.5 2.4 2.4 2.6 The zero field resonance of a cesium
atom resembles such events with an ac-
Side Lobes db down (E) 25.1 21.7 21.2 20.5 19.1 22.0 curacy of one part in 9, 192, 631, 830 £10 or

(1) 25.9 28.1 27.7 27.3 29.2 27.7 . 9 T
about one in 10° per second. In this value,
Back Lobes db down (E) 4.2 .0 502 50.0  48.6 9.0 | thesecond is defined as

| (H) 51.7 §52.1 52.7 52.9 53.2 52.7

(315, 569, 259, 747y 1= 3 X 10!
* Received by the IRE, July 19, 1957.

Fig. 4—Pattern data.
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of the tropical year of 1900.0,! which should
be considercd merely as a standard by defi-
nition. According to Essen, the probable
uncertainty of this standard is about +1 in
2X10° for an interval of 10 years, or 1 in
2% 108% for one year.?

Considering the total number of seconds
per year (=3X107) and the accuracy of the
defined time standard (= 3X1071?), one ar-
rives at the conclusion that the basic ele-
ment of the astronomically derived unit of
time will last for about 3X107X3X10712
= 10~4second. This is far too long for modern
requirements in time determinations. More-
over, for a moderate length of a physical
process or experiment, lasting about one
week

(— _()75_0 of 10 ycars)

the accuracy in astronomically defined time
units (seconds) could never be expressed
better than to about one part in

7
g | = 100 —--—).
384)(10( 2 365)(10)

It is obvious that a link must be estab-
lished between the conservative astronomi-
cal definition and the recently introduced
interval generators which utilize atomic
processes. The result should be a reliable
standard that is based upon as large a
number of equal partitions as could be ob-
served and compared with recurring macro-
physical events. The cesium beam method
provides such reproducibility, yet its cali-
bration is a very delicate enterprise. Also,
the comparison of results from various
laboratories has not confirmed sufficient re-
liability for its intended use as a physical
standard of time. Therefore, it appears
worthwhile to consider another approach to
the problem of defining such a standard.

According to the gecometrical representa-
tion of the Lorentz transformation, the
presently established unit of time acquires
the very broad interval of an entire, and
long clapsed, year in the negative region of
the ct axis, i.e., the world vector.® This vec-
tor is irreversible by definition and experi-
ence. Thus, the reproducibility of such a
unit of time becones impossible and renders
the astronomical definition impracticable
for all purposes of physics. A physicist, who
is used to expressing his findings in terms of
the C.G.S. system or its derivatives, that
is, within the metric of the space-time-
continuum, would wish to base the stand-
ard of time upon an omnipresent and easily
accessible natural phenomenon as that which
is furnished by the group velocity of electro-
magnetic radiation in vacuum.

Many methods have been developed to
determine this universal constant to the
utmost accuracy,* but still more efforts are
required to reach the perfection of express-
ing this value to at least one part in 1010
per second, or rather, to utilize this constant
for the determination of the time interval

! (5. Clemence, Rev. Mod. Phys., vol. 29, p. 2; 1957,

2 L., Essen and J. V. L. Parry, Nature, vol. 176, p.
669; 1955,

L. Essen, Nature, vol. 178, p. 34; 1956.

3 A. Sommerfeld, “Klektrodynamik,” Wiesbaden,
Germany, sec. 27; 1948,

¢« Ann. Franc. Chronomeltrie, vol. 5, p. 167; 1951.
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which will elapse while an electromagnetic
signal propagates through a unit length. If a
unit length has been established by com-
paring and associating it with the unidimen-
sional extension of a system with known
energy content, it will remain constant
under selected laboratory conditions. Then,
the unit of time will be based ultimately on
a natural constant which is incorporated in
the fundamental postulate of the relativistic
conception of space and matter. This has
proven to be correct at least throughout the
dimensions of the solar system.t

Perturbations and deviations of any
hypothetical “cosmic” value of the constant
¢, as Milne’s theorems imply® should be
still detectable. They will scarcely affect any
physical phenomenon within the solar sys-
tem. The Lorentz contraction will unde-
terminably correct for eventual accelera-
tions of the unit length. Likewise, the
Einstein formula E=mc* will preserve the
energy invariance of this standard.”

While the astronomical determination of
time remains necessary for comparison, a
universal standard of time should not be
based on the duration of astronomical events
with their necessary corrections for influ-
ences from celestial bodies and terrestrial
perturbations.! An improvement and a re-
definition of the standard of length is obliga-
tory and efforts in this line appear of more
urgence than a hasty introduction of a time
standard. The velocity of light should regain
its character as the fundamental reference
which it descrves since the creation of
modern physics. This constant demonstrates
the most intimate union between space and
time.?

The constituent subfactors s and ¢ in the
relation ¢ =s/t, if separated, might never at-
tain the expected ultimacy for which a
standard is intended.!® But the search for a
unit length with its easily comprehensible
transfiguration into an extension of a mass in
space promises to meet a higher degree of
human intuitivity than the awe, inspired
by the abstract concept of past and future
acons.

REINHOLD GERHARZ
Georgetown University Observatory
Washington, D. C.

8 A, Einstein, Ann. Phys., vol. 49, sec. 4; 1916,

S E. A. Milne, “Kinematic Relativity,” Oxford
University Press, London, England; 1948.

7 H. Weyl, “Raum-Zeit-Materie,” Zurich, Switzer-
land, sec. 22; 1950.

8 K, C. Bullard, Nature, vol. 176, p. 282; 1956,

* E. Schroedinger, “Expanding Universes,” Cam-
bridge University Press, Cambridge, England, 50 pp.;
1956

16 A. March, “Quantum Mechanics of Particles
and Wave Fields,” John Wiley & Sons. Inc., New
York, N. Y., ch. 10; 1951.

Propagation of a Pulse Across a
Coast Line*

The pulse or the transient signal radiated
from a lightning stroke is proving to be a
powerful tool in studying propagation in the

very low-frequency range (<100 kc). To
interpret the waveform of the received

* Received by the IRE, June 13, 1957.
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pulse, it is convenient to consider separately
the ground wave and the higher-order sky
wave signals. \When the ground wave is
propagating over an inhomogencous soil,
the character of the waveform can be radi-
cally changed. The purpose of this short
communication is to discuss the transforma-
tion of the pulse shape of the ground wave
as it crosses a coast line for a source over the
sca. To simplify the discussion, the earth’s
curvature is neglected and the sea is assumed
to be perfectly conducting.

The transmitter is a vertical electric di-
pole, located at a point 4 on a flat, perfectly
conducting sea. A sharp coastline O is
located at a distance d; from 4 (see Fig. 1).

e
TTaime g,

Sea Land

Fig. 1.
|
The receiving antenna which is also a verti-
cal dipole is located at distance d; inland
from the coast on a homogeneous flat ground
of conductivity ¢. The vertical electric field
E(w) at B, for a dipole of height hand average
current I(w)e"“, can be written in the form

tuwl (w)esth

—(wd) e’
rog— €A, W) (1)

E(w)efwt =

\
where « is the angular frequency, d is the
distance between 4 and B, ¢ is the velocity
of light, and F’(d, w) is some slowly varying
attenuation function. Eq. (1), which is valid
for d greater than a wavelength, is a special
case of a more general result derived previ-
ously.! It was shown that

F'(d, )
1/2 dy 1“0 w)
=1— (fw) (21ra7) o Tald = a)]mda(Z)

where
Fla,w) =1 — i2p”28"’f !c""dz
P
with

aw?

, € = £.854 X 10712,

©
14

20‘[,106’

F(a, @) is the Sommerfeld- Narton attenua-
tion function which occurs in the propaga-
tionover a homogeneous flat gmund 2 where-
as F'(d, w) is the modified form for a mixed
land-sea path. As d, approaches d, it can be
verified that F'(d, w)— F(d, »). In the above,
it has been assumed that displacement cur-
rents in the ground are negligible, that is
ew/a<K1. This is valid for radio frequencies
over moderately conducting scil.

Numerical results for F'(a, ) for various
mixed paths were presented in a previous
paper.! The task undertaken herein is to
generalize the result to the case of a tran-
sient or pulsed source. As it turns out, the
transient solution for the mixed land-sea
path is simpler in form than its steady-state
counterpart.

1 ]J. R. Wait, “Mixed-path ground wave propaga-
tion," J. Res. N.B.S. vol. 57, pp. 1-15; July, 1956.
2 K. A. Norton, “Propagauon of radlo waves
over the surface of the earth,” PROC IRE, vol. 25,
p. 1203; September, 1937,
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Fig. 2—Response for ramp current source.

Asa starting point, the current j(t) in the
source dipole is taken to be a ramp function,
that is

It
) = —I°— for

0

t>0

=0 for ¢t <O0. 4)

The frequency spectrum of the source is then
I,

1 f Deordt = —=— 5

@ = [ e i ®

The electric field e(t) at B can be expressed
in terms of its spectrum E(w) by

e(t) = 217r f +ml':(w)e"“"(1w 6)

where E(w) is related to the source spectrum
I(w) by (1). It is not difficult to sce that

uloh
(1) = — A
0= a1
where
E 1 Laag l"(d )
Ay = f —— e"“dw for t' > 0(7)
2rJ_ (Iw;

with ¢/=¢t—d/cand A(')=0 for ¢’ <0.
Using a previously derived result,?

4o I
Fld, w)e“do = — e— ( ) (8)
2

2 - 23°
where
(¥2
ﬁ - éﬂ;lcz
it follows that
/2
A@) =1-— (i@-) (ouc)’
2rco

[_ duc3(t')2] do

d
S

After a change of variable, this becomes

=1 = -2 fm 10
S = \ o (S: — zoz)l/g =
where zo?=auc3(t")?/(2d) and z=cuc(t’)?

/(2d,). This can be written
A() =1 — et erfc [(z2 — 20DV2] (1)

in terms of the error function complement
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Fig. 3 —Response for step-current sonrce,

erfc (Z) = 2 f e s (12)
AN 4

In the case of an all sca path, di=0or 3 =
and consequently A(¢’) =1 which is a unit
stepat t’=0or ¢=d/c; whereasforan all land
path, d; =d or s, =z, and then
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A) =1 — ¢t (13)

which agrees with a result derived previ-
ously .?

Using the preceding analysis, itis not dif-
ficult to extend the results to other source
waveforms. For example, if the source cur-
rent was a step-function, that is

j)y =1, for t >0, =0 fort <0

it is not difficult to show that

p.llh aucd\'?
¢ —_ B(t'
= 24 ) &

where

dA(Y)
B()) = ———
B(t") 7

Z0

1/2
— ie—(dldl)..’ (i _ 1)
A d,

1L
+ 220("-’ erfc [(dd -1 ) zo]
]

with zo=(euc?/2d)V%’ =412 10° t’\/¢/d in
mks units.

The responses 4 (¢’) and B(#’) for a ramp
and a step-function current source are
shown in Figs. 2 and 3, respectively, for
various values of d,/d.

The abiscissa is the “T'IME” parameter 2o
which is proportional to ¢’. For negative
values of ¢’ or for ¢t <d/c, the responses are
zero. It can be readily seen that as d/d ap-
proaches zero, corresponding to an all sea
path, the response 4 (¢') approaches a step-
function, and the response B(¢’) approaches
an impulse function. On the other hand, as
d,/d’ approaches one, corresponding toan all
land path between 4 and B, the pulses show
considerable dispersion. To provide a more
quantitative idea, the following example is
quoted. For d=100 km, and ¢ ~ 6 milli-
mhos/meter, the parameter zo is to read
directly in microseconds. Since displace-
ment currents in the ground have been
neglected, the responses are only valid for
t’>e¢/a where € is the dielectric constant in
the ground. In the above example ¢/¢ 2 0.015
usces for e/eg o 10.

James R. Wair
National Bureau of Standards
Boulder, Colo.

1 J. R. Wait, “Transient fields ol’ a vertical dipole
aver a homogeneoun curved ground,” Canad. J. Phys.,
vol. 34, pp. 27-35; January. 1956,

Yttrium Garnet UHF Isolator*

This letter describes an experimental
low-frequency resonance absorption isolator
utilizing  yttrium garnet polycrystalline
ceraniic.

The geometry is shown in Fig. 1 and
consists of a 12-inch section of a rolled di-
clectrically loaded ridge guide in 33}-inch
coaxial line.

* Received by the IRE, July 24, 1957,
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Fig. 3—VYttrium garnet uhf isolator forward and
reverse attenuation vs applied field.

If the gap width is small, the cross sec-
tion is approximately equivalent to that of
Fig. 2.

The cutoff frequency for this geometry
may be evaluated by transverse resonance
techniques! and turns out to be approxi-
mately 200 mc, which agrees very well with
the measured value.

Experimental curves of the forward and
backward attenuation for several frequen-

tS. B. Cohn, “Properties of ridge waveguide,”
Proc, IRE, vol. 35, pp. 783-788; August, 1947.
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Fig. 4—VYttrium garnet ubf isolator forward and
reverse attenuation vs frequency.

cies as a function of applied magnetic field
are shown in Fig. 3. It may be noted that a
significant gain over isolators employing
ferrites at these f{requencies has been
achieved. The isolation could be improved
still further by increasing the aspect ratio of
the garnet slabs, which is presently 4 to 1.

The frequency characteristics of the
isolator, biased to be resonant at 750 mic, is
shown in Fig. 4.

All measurcments were taken at low-
power levels so that linear operation was
assured.

The initial success of the isolator is due
to the excellent yttrium garnet ceramic sup-
plied by the Ferrite Laboratory at Harvard
University through the cooperation of C. L.
1logan. This ceramic 3(Y:0;) - 5(Fe:0;) has
a Curie temperature of 280°C, a density 95
per cent of theoretical, and an X-band line
width of 70 oersteds.

Additional measurements and the theo-
retical analysis of the geometry will be the
subject of a future paper.

F. R. MORGENTHALER

aNp D. L. Fye

Antenna Laboratory

Air Force Cambridge Research Center
Bedford, Mass.

Radio Observations of the Russian
Earth Satellite*

Simple radio observations of signals from
the Soviet satellite of October 4 were made
by Lincoln Laboratory beginning on the
evening of October 5, 1957. Plots of received
frequency vs time, one of which is shown in
Fig. 1, were made by analyzing the tape-
recorded audio outputs of standard radio re-
ceivers which used beat frequency oscilla-
tors. By studying the shape of such curves
it is possible to determine the slant range of
the point of nearest passage of the satellite
to the observing point. This distance will be
referred to as the miss distance, ro. This
quantity is given by

* Received by the IRE, October 14, 1957, The re-
search in this document was supported jointly by the
Army, Navy, and Air Force under contract with the
Mass. Inst. Tech,
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Jo#
C]mu
where fo=carrier frequency (20.005 or

40.002 mc),
v=speed of satellite,

and fuax=steepest derivative of the Dop-
pler frequency curve.

Yo =

Data of this type taken at Ipswich,
Mass., on the satellite passage of 0335 GMT,
October 7, showed an unexpectedly low rg of
about 137 nautical miles from records made
simuttaneously at 20.005 mc and 40.002 mc.
The close agreement betwceen results at the
two frequencies appeared to rule out large
errors due to distortion of the path by the
ionosphere.

A more intensive program was then
initiated employing additional radio re-
ceivers at various points in eastern Massa-
chusetts. During the succeeding days a num-
ber of passages of the satellite were recorded
at these locations on both 20 and 40 mc for
night-time and day-time passages.

It was clear from early reports that late
each night and in the middle of each morn-
ing several transits could be observed oc-
curring once per 96-minute period, with each
transit some 1000 to 1500 miles to the west-
ward of its immediate predecessor. Atten-
tion was focused on those transits that oc-
curred nightly at about 0335 GMT. It was
known that these were shifting slowly west-
ward on successive nights. Therefore, an
attempt was made to fit together the miss
distances ro calculated from the radio data
of the nights of October §, 6, and 7, so as to
predict the value of ro to be expected on
October 8.

fmax
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H
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Fig. t—Round Hill 0335 GMT, October 7,
1957—20 mc.

A few remarks will outline the nature of
the calculation. In preparing the prediction
of the fourth transit, it was assumed that
corresponding tracks on successive nights
differed in longitude by a constant amount
and had the same altitude aliove the earth.
A value of speed v was first computed using
an approximate knowledge of the period and
an arbitrarily assumed value of altitude k.
This value of v enabled the values of 7o for
the three nights to be computed using the
above formula. The three measurements of
ro were then used to solve for a better value
of k which was reinserted in the calculation
for v. One such iteration proved to be suffi-
cient to fix v and & and provide the ro predic-
tion for the fourth track.
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Three of the heavy lines of Fig. 2 show
ground projections of the tracks of October
5, 6, and 7 fixed according to the above cal-
culation. The fourth and fifth heavy lines
represent the predictions for October 8 and
9. The dotted lines indicate corresponding
track position from r, values determined at
Ipswich. The dashed lines show data ob-
tained at Round I1ill. A general consistency
is to be noted between predicted and ob-
served vahies. The azimuthal angle of the
evening track was taken as 35° True at lati-
tude 42° North, based on the publicized
angle of launching.

As mentioned above, the calculation from
radio Doppler data also providesaltitude and
velocity of the satellite at time of passage.
These quantities were computed to be 137
nautical miles and 4.26 nautical miles per
second, respectively, for the night-time ob-
servations (both with an accuracy of +8
per cent). The same calculations for morning
observations gave an altitude of 339 nautical
miles and a velocity of 4.06 nautical miles
per second with the same tolerance. The two
heights permitted a preliminary calculation
of 0.0455 for the eccentricity. A computation
of the period based on observed times of pas-
sage gave a value of 96.05 minutes as aver-
aged through October 9.

The work described here is continuing
and will be reported fully later.

R. R. Browx

P. E. GREEN, Jr.
B. Howraxn

R. M. LERNER

R. Maxasse

G. PETTENGILL
Lincoln Laboratory,
Mass. Inst. Tech.
Lexington, Mass.

Radio and Radar Tracking of the
Russian Earth Satellite*

With the announcement of the successful
launching of the Russian earth satellite on
October 4, 1937, it appeared urgent to obtain
all possible scientific information which
could be learned from the satellite’s flight.
As a result, hastily organized observing pro-
grams were placed into operation in many
parts of the United States. Spontancity of
action seems to have been the keynote, and
the enthusiasm for the job to be done has
seldom been matched in scientific research
efforts. Although progress was hampered by
lack of preparation for radio studies at the
frequencies employed in the satellite, it now
appears that much information of scientific
value will be learned from the flight of this
first earth satellite.

The Stanford Research Institute (S.R.1.)
is but one among many research groups
which have participated in this work. This
letter is an account of the techniques em-
ployed at S.R.1. and the results obtained to
date. Since early prediction of the times of
passage of the satellite near Stanford were
unrchable, a considerable effort was made to
obtain information on the position and mo-
tion of the satellite. This information is re-
quired if successful interpretation of the re-
corded signals is to be obtained by detailed
data analysis at a later date. In addition to
the mwonitoring of the radio transmission
from the satellite on 20.005 mc and 40.002
mc, attempts to obtain radar echoes from
the satellite or associated parts of the launch
vehicle were planned.

Of those characteristics of the satellite

* Received by the IRE, October 15, 1957.
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radio signals which can be measured, the
two which have proven most valuable at
S.R.1. have been bearing angle and rate of
change of frequency (Doppler shift). Ac-
curate rate of change of frequency measure-
ments permit the determination of minimum
slant range to the satellite in accordance with
the following relationship

2
Ro =

df >
x -
(...
where

v=velocity of the satellite,
A =wavelength of radio transmission,
df/dt=rate of change of frequency.

In addition, the time of passing minimum
range can be measured accurately using this
method. Using direction finding techniques
and plotting bearing angle vs time it is
possible to obtain the distance along the
carth’s surface from the observing point to
the projection on the earth’s surface of the
track of the satellite. Rate of change of fre-
quency measuremeits were made at fre-
quencies of 20.005 and 40.002 mc while
direction finding measurements were under-
taken only on 40.002 mc. The Doppler data
are more precise and hence more useful for
most purposes than the direction finder data
but the latter serve as a check on validity of
the results.

Fig. 1 (p. 1554) shows a block diagram of
the Doppler recording equipment and Fig. 2
shows a block diagram of the signal record-
ing equipment and direction finder which
have been used at S.R.1. Fig. 3 shows an ex-
ample of the simultaneous Doppler measure-
ments at Stanford, Calif. and Bozeman,
Mont., together with the direction finder
data at Stanford. The minimum slant ranges
measured from the Doppler curves are 1080
km for Stanford and 810 km for Bozeman.
‘The direction finding data indicate that the
passage of the satellite was to the east of
Stanford and to the west of Bozeman. Fig. 4
(p. 1554) shows two rates of change of fre-
quency plots for passage of the satellite at
different distances from Stanford.

The direction finder and Doppler data
were used as the basis for estimating posi-
tion and time of passage information, in at-
tempts to obtain radar echoes from the
satellite and associated parts of the launch
vehicle. The radar used was one designed at
S.R.IL for the study of radar reflections from
the moon, meteor ionization trails, and the
aurora. This radar uses a 61-foot steerable
parabolic reflector (Fig. 5, p. 1555) and is
equipped with cross-polarized feeds to allow
for possible polarization changes in the re-
ceived signal. Radar echoes have been ob-
tained for those passages of the satellite in
which the prediction of its location was
sufficiently accurate that the antenna orien-
tation allowed the satellite to pass through
the beam. The sensitivity of the radar was
such that echoes were detected only when
the range to the satellite was in the order of
700 km or less. The radar characteristics are
shown in Table I (p. 1555).

Echoes were detected on the morning of
October 9 from two objects believed to be
parts of the launch vehicle. On the morning
of October 10 one echo was obtained which
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Fig. 5.

is believed to have resulted from reflection
from the satellite itsell.

Contributors
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TABLE 1

Peak power =50 kw.
Pulse length =1 ms.

PRF =75 cps and 150 cps.
Antenna

106.1 MC Rapar CHARACTERISTICS

61-foot steerable parabolic reflector |
12® beamwidth between } power points
24-db gain above an isotropic radiator.

Receiver noise figure =2.5 db.

Minimum detectable echo power =10 1¢ watts.
Minimum detectable radar cross section at 500-kin range =0.1 m?.

Receiver bandwidth =6 kc.

The signals transmitted from the satellite
on 20.005 mc and 40.002 mc were recorded
along with timing information on a three-
channel magnetic tape recorder during those
times when it could be heard. These record-
ings will later be studied to obtain informa-
tion which may be contained on propagation
through the ionosphere and the physics of
the upper atmosphere.

The equipment used during these experi-
ments has been hastily assembled, and many
ways to improve it have come to mind. How-
ever, the measurements which have been
taken since October 4 appear to be of sufh-
cient accuracy to permit valuable scientific
data to be obtained.

The work reported here was carried on in

cooperation with the Rome Air Development
Center, Air Research and Development
Command. The work was made possible by
the help of the many volunteers of the S.R.1.
Engineering Division who manned the equip-
ment.

Acknowledginent is made to Professor
Cunningham at the University of California
Astronomy Department for his help and ex-
change of data concerning the satellite orbit,
and to Professor Weaver of the Montana
State College, Bozeman, Mont. for his par-
ticipation in the Doppler experiments.

The Staff, Special Techniques Group
By: A. M. PeteERrsoN, Head
Stanford Research Institute

Menlo Park, Calif,

Contributors

Kern K. N. Chang was born in Shanghai,
China, on September 9, 1919. He received
the B.S. degree from National Central
University, Nanking,
China, in 1940, the
M.S. degree in elec-
trical engineering
from the University
of Michigan in 1948,
and the D.EE. de-
gree in 1954 from the
Polytechnic Institute
of Brooklyn.

From 1940 o
1945, he was associ-
ated with the Cen-
tral Radio Manu-
facturing Works, Kunming, China, working
on radio receivers, and from 1945 to 1947,
he was a radio instructor in the Office of
Strategic Service, U. S. Army, China Thea-
tre. Since 1948, he has been a member of
the technical staff at RCA Laboratories,
Princeton, N. J., where he is presently en-
gaged in rescarch on microwave tubes.

Dr. Chang is a member of Sigma Xi.

K. K. N. CHanc

J. S. Cook (8'52-A"53) was born on May
30, 1927, in Flint, Mich. He served with the
United States Navy from 1945 to 1947. In
1952, he received the
B.E.E. degree and
the M.S. degree from
Ohio State Univer-
sity, Columbus, Ohio.
From 1950 to 1952,
he was associated
with the Ohio State
University Research
Foundation.

Since 1952, he has
been engaged in elec-
tronics research with
Bell Telephone Lab-
oratories, Murray Hill, N. J.

Mr. Cook is a member of Eta [Kappa Nu
and Tau Beta Pi.

J. S. Cooxk

.
o

Gordon H. Hanson (S'56-M’57) was
born in Vancouver, B. C., Canada on August
28, 1926. He received the B.A. and M.A. de-

grees in physics from the University o
British Columbia, Vancouver, B. C., in
1949 and 1931 respectively, and the Ph.D.
degree in electrical
engineering from the
University of NMinne-
sota in 1957.

From September,
1951 to September,
1953, Mr. llanson
was employed at the
Radio Physics Lab-
oratory of the De-
fense Research Board,
Ottawa, Canada,
where he was engaged
in the study of iono-
spheric phenomena. Since February, 1957,
he has been with the Bell Telephone Labora-
tories in Allentown, Pa., where he is working
on the development of diffused base transis-
tors.

G. H. Haxsox

Edward W, Herold (A'30-M'38-SM’13
F'18) was born in 1907 in New York, N. Y.
He received the B.S. degree in physics from
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the University of Virginia in 1930, and the
M.S. degree, also in physics, from the Poly-
technic Institute of Brooklyn in 1942. From
1924 to 1926 he was
associated with the
Bell Telephone l.ab-
oratories, and from
1927 to 1929, with
5. . Cunningham,
Inc. Since 1930 he
has been with the Ra-
dio Corporation  of
America, first at Har-
rison, N. J. and,
since 1942, at RCA
l.aboratories, ’rince-
ton, N. |., where he
is presently Director, Electronic Research
Laboratory. Mr. Herold has been engaged in
rescarch and developiment and has special-
ized in clectron tubes and semiconductor de-
vices.

He is a member of Phi Beta Kappa and
Sigma Ni and is a Director of the 1RE.,

E. W. llEroLDd

3
<

Rudolf Kompfner (F'50) was born in
Vienna, Austria, on May 16, 1909, lle at-
tended the Realschule and Technische
Hochschule in Vi-
enna, and was gradu-
ated from the faculty
of architecture in
1933. In 1934, he
went to England to
continue his studics
in architecture pri-
vately, and became
the director of a
building firm in 1937.
He has devoted much
of his spare time to
the study of televi-
sion, radio, and physics.

Mr. Kompfner entered the Admiralty
Service in 1941 as temporary experimental
officer, beginning in the physics department
at Birmingham University. In 1944, he he-
came associated with the Clarendon Lab-
oratory at Oxford University, England
and received the degree of 1).Phil. in 1951,
Since 1952, he has been at the Bell Tele-
phone Laboratories, Murray IHill, N. J.,
working on microwave tubes.

‘r'

R. KOMPFNER

°
o

1lerbert Kroemer (M’56) was born on
August 25, 1928, in Weimar, Germany. IHe
received the degree of a Dr.rer.nat. from the
University of Goet-
tingen, Germany, in
1052,

From 1952 to
1954, he worked at
the  semiconductor
laboratory  of  the
German Post Office,
where his main inter-
est was the theory
and development of
high-frequency tran-
sistors, In 1954 he
joined RCA Labora-
tories in Princeton, N. J., where he con-
tinued working in the semiconductor and
transistor field.

1. KROEMER
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Dr. Kroemer is a member of the Ameri-
can Physical Society and Sigima Xi.

Conrad l.anza was born in New York,
N. Y., on Junc 19, 1918. He reccived the
bachelor's degree in electrical engineering at
the Polytechnic In-
stitute of Brooklyn,
N. Y. in 1947. In
1956, he was awarded
the M. S. E. E. de-
gree at Northeastern
University, Boston,
Mass.

Upon graduation
from Polytechnic In-
stitute, Mr. Lanza
joined the Hazeltine
Ilectronics Corp.
where he worked on
the development of radio-aids-to-navigation
systems. In 1953, he joined the communica-
tions section at Raytheon Manufacturing
Co. and worked on transistor circuit design.
In 1956, Mr. Lanza transferred to Ray-
theon’s rescarch division to work on the de-
velopment of semiconductor devices.

C. L.anza

R. 1. Middlebrook (8’55-M'56) was born
in England in 1929, Before entering Cam-
bridge University, he was a senior technical
instructoranda mem-
ber of the trade test-
ing board in the Roy-
al Air Force. Later he
worked for a short
time on sound record-
ing at the DBritish
Broadcasting Corpo-
ration.

He received the
B.A. and M.A. de-
grees from Cambridge,
and then went to
Stanford University,
Stanford, Calif., where he completed gradu-
ate work in electrical engineering and re-
ceived the M.S. and Ph.D. degrees. He was
a research assistant at the Stanford Elec-
tronics Research Laboratory and was the
first member of the transistor group.

Since 1955, Dr. Middlebrook has been as-
sistant professor of electrical engineering at
the California Institute of Technology, where
he teaches transistor electronics and con-
ducts a transistor research program.

His publications include “An Introduc-
tion to Junction I'ransistor Theory.” He is a
member of the American Physical Society,
the American Institute for the Advancement
of Science, and Sigma Xi.

R. D. M1DDLEBROOK

Vernon L.. Newhouse (M’55) was born on
January 30, 1928. He received the B.Sc. de-
gree in physics in 1949 and the Ph.D. degree
in 1932, both from the University of Leeds,
England. His postgraduate work was con-
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cerncd with the theoretical and experimental
study of the Barkhausen effect in single
ferromagnetic crystals.

In 1951, he joined
the computer depart-
ment of Messrs. Fer-
rant” of Manchester,
England, where he
carriad out the initial
development of the
coincident  current

.+ memory used in the
' Ferranti Mark 11
comgputer.

Ia 1954, after
some months at the
David Sarnoff Re-
search Laboratories, Princeton, N. ]., he
joined the Bizmac Engineering Section of
RCA as project engineer of the circuit design
and development group. Since then, he has
been associated with the development of a
real time computer and is presently project
engineer in charge of advanced magnetic
development.

Dr. Newhouse is a gradiate member of
the IEE.

V. L. NEWHOUSE

Charles A. Parry (SM'53) was born in
Cairns, Australia, on January 25, 1916. tle
is a graduate of the University of Queens-
land, Australia.

During World War
II, while with Com-
munications kngineer-
ing, L.trl., Mr. Parry
designed transconti-
nental multichannel
carrier equipment for
the Australian Gov-
ernment. For several
years after the war,
he was engaged in the
development of equip-
ments for mobile and
ground air communications. Later, he joined
the Plessey Company in Londen to work on
fsk equipment for transoceanic circuits.

In 1953, he joined RCA in Montreal,
Canada and was responsible for the initial
phases of the Doppler radar network and as-
sociated communications for the Canadian
Air Force. Later, as a representative of RCA
International in Clark, N. J., he negotiated
with Pakistan, India, and Iran for the estab-
lishment of international multichannel vhf
networks.

Now with Page Communications Engi-
neers, Inc., of Washington, D. C., Mr. Parry
is consultant to the director of engineering
and technical advisor on overseas projects.

He was a member of the examination and
editorial boards of the IRE in Austraha and
acted on the RETMA Committee for com-
munication standards while in Canada. In
addition to his Australian R membership,
Mr. Parry is affiliated with the British [RE
and the Television Society of Great Britain.

i

C. A. PARRrY

e
e

For a photograph and biography of R. .\,
Pucel see page 369, March, 1957 issue of the
PRroCEEDINGS.
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For a photograph and biography of
Frank Reggia, see page 369 of the March
issue of PROCEEDINGS.

John D. Ryder (A'29-SM'45-F’52) was
born on May 8, 1907, in Columbus, Ohio. He
received the B.E.E. degree in 1928 and the
M.S. degree in 1929
from Ohio State Uni-
versity. In 1944 he
was awarded the
Ph.D. degree in eclec-
trical engineering by
fowa State College.

From 1929 to
1931, he was affiliated
with the General Elec-
tric Company, work-
ing on vacuum tube
development. In 1931,
he joined the Bailey
Meter Company, Cleveland, Ohio, as super-
visor of the electrical and electronic section
of the Research Laboratory. e holds 24
patents on this work covering temperature-
recording and automatic control applications
of electronics. In 1941, he was appointed as-
sistant professor of electrical engincering at
Towa State College, was made professor in
1944, and in 1947 assumed the position of
assistant director of the lowa Enginecring
Experiment Station. In September, 1949,
he became head of the Department of Elec-
trical Engineering at the University of Hli-
nois, and in July, 1954, was named Dean of
the College of Engineering at Michigan
State University, East Lansing, Mich.

He is the author of four textbooks, “Elec-
tronic Engineering Principles,” “Networks,
Lines, and Fields,” “Electronic Fundamen-
tals and Applications.” and “Engineering
Electronics with Indus rial Applications and
Control,” in addition to technical papers.

J. D. RyDpER

Contributors

He has been active in the development
and construction of two electronic-type
10,000-cycle network analyzers for power
transmission studies, one at lowa State
College and the other at the University of
tlinois.

Dr. Ryder was President of the IRE in
1955, and has served as a Director of the
IRE since 1952. He was President of Ita
Kappa Nu, the electrical engincering hon-
orary society in 1956-1957, and President of
the National Electronics Conference for
1953. e is a Fellow of the American Insti-
tute of Electrical Engincers, and of the
American Association for the Advancement
of Science, as well as a member of Tau Beta
Pi, Eta Kappa Nu, Sigma Xi, Phi Kappa
Phi, and Pi Mu Epsilon. e has heen a mem-
ber and chairman of various AIEE and IRE
committees in the fields of education, elec-
tronics, and research.

For a photograph and biography of
Edward G. Spencer, sce page 369 of the
March issue of PROCEEDINGS. Mr. Spencer is
now a senior member of the IRE.

For a photograph and biography of 11.
Statz sec page 370, March, 1957 issue of the
PROCEEDINGS.

A. van der Ziel (SM'49—F'56) was born
in Zandeweer, 'The Nctherlands, on Decem-
ber 12, 1910. From 1928 to 1934 he stuclied
physics at the University of Groningen, The
Netherlands, where he received the Ph.D.
degree in 1934.
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[e was a member of the rescarch staff of
the Physics Laboratory of N. V. Philips’
Glocilampenfabricken, Eindhoven, The Neth-
erlands, from 1934 to
1947, At that time
he became an associ-
ate professor at the
University of British
Columbia, Vancou-
ver, Canada, and has
been professor of elec-
trical engineering at
the University  of
Minnesota since 1950.

Dr. van der Ziel
is a member of the
American  Physical
Society and Sigma Xi.

A. VAN DER ZIEL

W. iI. Yocom was born in Oberlin, Ohio,
on May 15, 1919. He attended Oberlin Col-
lege receiving the B.:A\. degree in physics in
1940. He received the
B.S. degree in electri-
cal engineering from
the Massachusetts In-
stitute of Technology
in 1942. In 1950 he
received the M.S. de-
gree inelectrical engi-
neering from Stevens
Institute of Technol-
ogy, Hoboken, N. J.

Since 1942 Mr.
Yocom has been em-
ployed by Bell Tele-
phone Laboratories, Murray 11ill, N. J. Mr.
Yocom is concerned with the various aspects
of carrier and microwave system develop-
ment, including the design of testing equip-
ment. Since 1952 he has been engaged in re-
search in the field of microwave electronics.
Mr. Yokom is now with Varian Associates,
Palo Alto, Calif.

W. H. YocoMm




1558

IRE News and Radio Notes

Calendar of Coming Events
and Authors’ Deadlines

Annual Symp. on Aero Commun., Hotel
Utica, Utica, N. Y., Nov. 6~-8

Radio Fall Meeting, King Edward Ho-
tel, Toronto, Can., Nov. 11-13

PGI Conference, Atlanta-Biltmore Ho-
tel, Atlanta, Ga., Nov. 11-13

Mid-America Electronics Convention,
Kan. City Mun. Audit., Kan. City,
Mo., Nov. 13-14

| New England Radio Eng. Mtg.,, Me-

| chanics Bldg., Boston, Mass., Nov.

15-16

Conf. on Magnetism, Sheraton-Park
Hotel, Wash., D. C., Nov. 18-21

Elec. Computer Exhibition, Olympia,
London, l<ngland, Nov. 28 Iec. 4

Human Factors in Systems Eng., Penn-
Sherwood Hotel, Phila.,, Pa., Dec.
3-4

PGYVS Conf., Hotel Statler, Wash., D.C.,
Dec. 4-5

Eastern Joint Computer Conf., Park-
Sheraton Hotel, Wash., D. C., Dec.

| 9-13
IKIA Coni. on NMaintainability of Elec,

| Equip.. 11S.C., Losg Angeles, Calif.,

t Dec. 18 10

Nat’l Symp. on Reliability & Quality
Control, Statler Hotel, Wash., D. C.,
Jan. 6-8, 1958

Scintillation Counter Symp., Shoreham
Hotel, Wash., D. C., Jan. 27-28

Transistor-Solid State Circuits Conf.,
Phil., Pa., Feb. 20-21

| Nuclear Eng. and Science Congress,
Palmer House, Chicago, Ill.,, Mar.
16~21

IRE Nat’l Convention, N. Y Coliseum
and Waldorf-Astoria Hotel, New
York City, Mar. 24=27 (DL*: Nov. 1,
G. L. Haller, IRE Headquarters,
New York City)

Instruments & Regulators Conf., Univ.
of Del, Newark, Del., March 31-
Apr. 2

|  SW Regional Conf. & Show, Mun. Au-

| dit., San Antonio, Tex., Apr. 10-12

Conf. on Automatic Techniques, Statler
Hotel, Detroit, Mich., Apr. 14-16

Elec. Components Symp., Ambassador
Hotel, Los Angeles, Calif., Apr. 22—
24 (DL*: Nov.15,E.E. Brewer, Con-
vair, Pomona, Calif.)

Seventh Region Conf. & Show, Sacra-
mento, Calif., Apr. 30-May 2

PGMTT Symp., Stanford Univ., Stan-
ford, Calif., May 5-7 (DL*: Jan. 15,
K. Tomiyasu, G. E. Microwave Lab.,
601 California Ave., Palo Alto, Calif.)

Western Joint Computer Conf., Ambas-
sador Hotel, Los Angeles, Calif.,

' May 6-8

| Nat'l Aero & Nav Elec. Conf, Dayton,

Ohio, May 12-14

IEE Convention on Microwave Valves,
Savoy Place, London, England, May
19-23

PGPT Symp. Hotel New Yorker, New

| York City, June 5-6

PGMIL Convention, Wash., D. C., June
15-18
* DI = Deadline for submitting abh-

stracts

PROCEEDINGS OF TIIE IRE

November

1058 IRE AWARDS ANNOUNCED

A. W. Hull, consultant to the General
Electric Research Laboratory, Schenectady,
N. Y., was named to receive the Medal of
Honor, the highest technical award in the
radio-electronics field, “for outstanding sci-
entific achievement and pioneering inven-
tions and development in the field of elec-
tron tubes.” Dr. [1ull is credited with creat-
ing a greater number of new types of elec-
tron tubes than any other man.

The Founders' Award, bestowed only on
special occasions to outstanding leaders in
commimications and electronics, will be
given to \W. R. G, Baker (A’19-F’28) “for
outstanding contributions to the radio engi-
neering profession through wise and coura-
geous leadership in the planning and ad-
ministration  of technical  developments
which have greatly increased the impact of
clectronics on the public welfare.”

The Morris Lichmann Memorial Prize
will go to E. L. Ginzton (5'39-A'40-SM’46-
['51), professor of applied physics and elec-
trical engineering, Stanford University, “for
his creative contribution to the gencration
and useful application of high energy at
microwave frequencies.” The award is given
anmually to a member of the 1RE for a re-
cent important contribution to the radio art.

E. W. Allen, Jr. (M’44-F’53), Chief
Enginecer of the Federal Communications
Commission, was named to receive the
Harry Diamond Memorial Award “for his
technical and administrative contributions
in the field of radio spectrum utilization.”
The award is presented annually to out-
st:inding engineers in government service.

The Vladimir K. Zworykin Television
Prize will go to C. P. Ginsburg (A’48-M’55),
Ampex Corp., Redwood City, Calif. “for
pioneering contributions to the development
of video magnetic recording.” The award is
given annually to a member of the IRE for
important contributions to television.

The awards will be presented at the IRE
National Convention banquet next March in
New York City.

MARS NOVEMBER SCHEDULE SET

The Air Force MARS Eastern Technical
Net which broadcasts over the air every
Sunday afternoon at 2 r.M. (EST) on 3295,
7540 and 15,715 kc announces the following
program for November: Nov. 3 and 10—
Nuclear Science. Nov. 17 and 24—Tran-
sistor theory and applications. Speakers
have not yet been announced as we go to
press.

Alois W. Graf (A’26-M’44-SM’45-
F'55), IRE Director and partner in the
patent law firm of Graf, Nierman and
Burmeister,
died recently.

For more than
a decade Mr. Graf
had been a lead-
ing figure in IR
sectional, region-
al,  Professional

Group, and na-
tional activities.
From 1944 to
A. \WW. GRrAF 1947, he had

served the Chi-
cago IRE Section as its secretary, vice-
chairman, and chairman in consecutive
terms, and in the years that followed he
remained one of the Section’s most active
members and ardent supporters. Llected
to the IRE Board of Directors during
1952 1953, he represented Region Five,
and this vear he held an appointment to
the Board for a one-vear term. In addi-
tion, he had held important posts on a
dozen national committees and repre-
sented the TRIE on the board of directors
of the National Electronics Conference.
As chairman of the 1RIZ Constitution
and Laws Committce since 1954 he had
devoted a great deal of personal time and
effort to studying the IRE constitution
and bylaws, New York state laws of in-
corporation, and trade-mark laws affect-
ing the IR name, emblem and publica-
tion titles. His contributions to the
welfare of the IRE in this area alone were
monumental.

Mr. Graf was born March 20, 1901, at
Mankato, Minn. lle obtained a bach-
elor’s degree in electrical engineering
from the University of Minnesota in
1926, and a bachelor’ of law degree from
the National Law University in 1931.

e was first employed as an examiner
in the U. S. Patent Office. He subse-
quently was employed by a patent lawyer
to work on validity and infringement
searches and resulting prosecutions. The
next eight years, from 1930 to 1938, saw
him associated with the patent depart-
ment of the General Electric Company
for which he standardized patent pro-
cedures and formulated manufacturing
policies for vacuum tube devices. He
became a patent lawyer for ’roductive
Inventions, Inc., Gary, Ind. In 1940 he
began his own private patent law prac-
tice, and subsequently became associated
with a number of patent law firms,
among which were Sheridan, Davis and
Cargill; Davis, Lindsey, Smith and
Shonts; and Loftus, Moore, Olson and
Trexler. He again opened his own law
practice in 1949, and in May, 1956, an-
nounced the formation of a new patent
law firm with L. G. Nierman and M. A,
Burmeister. ‘This firm specializes in
patent, trade-mark, and copyright law
in the radio communications and elec-
tronics field.

Mr. Graf had been a member of the
bar in the District of Columbia, Indiana
and lllinois. He also held membership in
American Bar Association, [llinoisSociety
of Professional Engineers, and National
Society of Professional Engineers.
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Mip-AMERricA CONVENTION
REVEALS Torics AND PAPERS

The Kansas City 1RE Section is sponsor-
ing, for the ninth year, the IRE Mid-
America  Electronics Convention. Head-
quarters will be at the Municipal Auditorium
and Hotel Muehlebach. There will be a
hundred exhibits on display, and ten techni-
cal sessions during which thirty papers will
be presented. Pre-registration information
cin be obtained from [. H. Rubaii, 425
Volker Blvd., Kansas City 10, Mo.

The keynote speaker at the opening ses-
sion of the convention will be J. T. Hender-
son, [RE DPresident. The speaker at the
annual banquet will be Simon Ramo,
Ramo-Wooldridge Corp.

Session topics and some of the papers to
be presented are as follows: Central Simula-
tion Council—Simulation of Hydraulic Sys-
tems, H. F. Harrington, McDonnell Air-
craft; Problems in Simulation of Airplane
Spin, M. S. Fineberg, McDounell Aircraft;
Medical Electronics—Further Progress in
Electronic Control of Artificial Respiration,
L. H. Montgomery, Vanderbilt Univ.; Elec-
tronics for Medicine, R. G. Stranix, Elec.
Ind. & Tele-Tech; Recent Development in
Medical Aids at the Univ. of Kaunsas Medical
Center, M. R. Klein, Kansas Univ. Medical
Center; Engineering Management—Iingi-
neering Basis for Modern Management,
Richard Mather, Mather Associates; Engi-
neering Management Development, G. W.
Jernstedt, Westinghouse Electric; Scientific
Basis for Management Planning, Ernest
Koenigsberg, Midwest Research Inst.; ir-
borne Electronics—Cooling Airborne Elec-
tronic Equipment, David Carlson, Rotron,
Inc.; Systems Development in Airborne
Communications, Bob Van Zant, Wilcox
Electric; Printed Wiring for Airborne [Elec-
tronic Equipment—Friend or Foe, J. .
Staller, American Bosch Arma Corp.; Micro-
waves—The Reflection Coefficient Method
of Measuring Feed Horn Efficiency, R. R.
Jenness, Northwestern Univ.; A Miniature
Microstrip Directional Coupler, D. J. Nigg,
Bendix Aviation; Awutomation—Electrical
Connections for Electronics Industry, ). R.
Bonwit, Burndy Co.; Automatic Testing,
F. A. Spies and L. . Robinson, Bendix
Aviation; Electronics and Nucleonics—On
Designing Nuclear Tests for Saving Man-
power, Merle Jones, Sandia Corp.; The In-
vestigation of G. M. Counter Discharge by
the Use of a Short Duration Pulse of High
Velocity Electrons, D. H. LeCroissette,
Southampton Univ.; IG Y —DMicrolock, A
Minimum Weight Radio Instrumentation
System for a Satellite, Henry Richter, Jet
Propulsion Lab. of California Inst. of Tech-
nology ; Components—Ferrite Materials, J. D.
Moynihan, Ferroxcube Corp. of America;
Higher Voltage, Higher Microfarad Tanta-
Iytic Capacitors, J. P. Holloway, General
Electric Co.

1GY Brecins MOONBEAM
Project DuriNGg IGY

The IGY Committee of the National
Academy of Sciences announces the MOON-
BEAM program to organize and provide

technical assistance to amateur radio groups
for the operation of simplified tracking sys-
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tems during the lnternational Geophysical
Year. These systems, Minitrack Mark 11
and Microlock, will enable volunteers to lo-
cate the IGY satellite in its flight and to re-
ceive scientific data transmitted from it.

The Naval Rescarch laboratory has
been named to head the MOONBEAM
project, with the assistance of the Jet Pro-
pulsion Laboratory of the California Insti-
tute of Technology. The American Radio
Relay Lecague will give active support to the
program.

The IGY Committee expects that the
cost of these systems will be within the
reach of interested amateurs. Of particular
importance will be the role of MOONBEAM
volunteers in detecting small deviations in
the satellite's orbit due to local irregularities
in gravity and in recording scientific data
which might be telemetered from the satel-

NERENM Sgessions WILL FEATURE
PANEL Discussions aAND MoviEs

I'he Northeast Electronics, Research and
Engineering Meeting will be held at Me-
chanics’ Hall, Boston, Mass., November 15—
16. Over [25 exhibitors will display their
wares on the first floor of Mechanics’ Hall at
this meeting. The four technical sessions will
be held on the second floor of the same build-
ing accompanied by concurrent showings of
films.

Registration arrangements can be made
at the door. Admission is free to IRE mem-
bers, but non-niembers will be charged $1.00.
During the afternoon of November 15, a
cocktail party will be held, for which tickets
at $2.50 may be obtained. Further informa-
tion regarding the NEREM meeting can be
had from the IRE Boston Section, 73 Tre-
mont St., Rm. 1006, Boston 8, Mass.

Doors will open 9 a.n. Friday, Novem-
ber 15. During the first session, scheduled

1957 NEREM Committee—Seated (leff fo righf): S,
chairman; P. G. Yewell, vice-chairman and arrangements. Standing (left to right): Frank Ilobbs treasurer; D. S,
Randall, publicity; Leo Rosen. program; S. B. Fishbein, registration. Absent: I1. . Dawes, exhibits,
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lite coincident with a solar flare.

MOONBEANM teams may be able to
make other important contributions to the
IGY program by providing supplemental
acquisition data (in initially locating the
satellite), providing additional data on the
effects of the ionosphere, the electrically
charged layers of the upper atmosphere, on
radio signals, providing time and position
checks for the primary recording of data
from certain satellite experiments, and pro-
viding data upon the occasion of serious
damage to the satellite, should this occur.

Requests for technical information and
consulting assistance on equipping, estab-
lishing, and operating stations in the
MOONBEAM  volunteer radio network
should be directed to the Satellite Office,
IGY Committee, National Academy of
Sciences, Washington, D. C.

for 10 A.M. to 12:30 p.M., a panel cousisting
of E. W. Engstrom, RCA; I. ]J. Getting,
Raytheon Mig. Co.; and a third person yet
to be announced will discuss “Electronics in
Industry.”

The afterncon session on the same day,
from 2—4 r.M., will present a panel consisting
of James Davis, Vertrol Aircraft Corp.;
Maj. Gen. A. L. Pachynski, USAF; and
Charles Stec, Bureau of Ships, USN. They
will elaborate on the subject of “Electronics
in National Defense.”

The following morning, Robert Seamans,
Jr., RCA; W. \W. Finke, Datamatic Corp.;
and Vernon Westcott, T'rans-Sonics, will dis-
cuss “Problems in Establishing a New Engi-
neering Company.”

Saturday afternoon, there will be a dis-
cussion of “Magnetic Domains, Masers and
Transistors,” led by T. O. aine, General
Electric Co.; H. E. D. Scovil and J. M.
Early, Bell Tel. Labs.; and C. L. Hogan,
Harvard Univ.

M. Whitcher, recording secretary: K. C. Black. general
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Two NEw SEcTioNs ARE ForRMED

On September 11, the IRE Board of
Directors abolished the North Carolina-
Virginia Section and the Pledmont Sub-
section. T'wo new Sections were forined from
the territory of the abolished Section, the
North Carolina Section and the Virginia
Section.

The newly-formed North Carolina Scc-
tion will absorb the Eastern North Carolina
Subsection and the Western North Carolina
Subsection. ‘The newly-formed Virginia scc-
tion will absorh the Hampton Roads Sub-
section.

GeorGE \W. BatLey Is NaMED
ADVISOR TO STATE DEPARTMENT

G. W. Bailey (A’38-SM'46-F’56), IRE
Executive Secretary, has been appointed ad-
visor and consultant on telecommunications
matters to Deputy Undersecretary of State
C. Douglas Dillon in charge of economic
affairs. The State Department stated that
Mr. Bailey’s services will be at the call of
Mr. Dillon,

Mr. Bailey has served as general chair-
man of the IRE National Convention since
1948. e is a former president of the Ameri-
can Radio Relay lLeague, International
Amateur Radio Union, and Armed Forces
Communications and Electronics Associa-
tion.

PROFESSIONAL GROUP NEWS

The 1958 National Symposium of the
Professional Group on Microwave Theory
and Techniques to be held on May 5-7 at
Stanford University, Stanford, Calif., has
been announced by the General Chairman,
AL L. Aden.

Authors should submit, in triplicate, prior
to January 15, 1958, both: an 100-word ab-
stract, title of paper, name and address; and
a 500-word summary, title of paper, name
and address.

Papers related to microwave physics and
applications, microwave components, and

Protessional Groups!

Aeronautical & Navigational Electronics—
Joseph General, 6019 1ighgate Dr., Balti-
more 15, Md.

Antennas & Propagation-J. 1. Bohnert,
Code 5200, Naval Research L.ab., Wash-
ington 25, . C.

Audio—Dr. 11. F. Olson, RCA Labs., ’rince-
ton, N. J.

Automatic Control—IZ. M. Grabbe, Ramo-
Wooldridge Corp., Box 45067, Airport Sta-
tion, Los Angeles 45, Calif.

Broadcast & Television Receivers—I.. R.
Fink, General Electric Co., X-Ray Dept.,
Milwaukee, Wis.

Broadcast Transmission Systems--C. .
Owen, 7 \W. 06th St., N. Y. 23, N. Y.

Circuit Theory-—\V. H. Huggins, 2813 St.
Paul St., Baltimore 18, Md.

Communications Systems—]. W. Worthing-
ton, Jr., Dawn Dr.,, Mounted Route,
Rome, N. Y.

Component Parts-- R. M. Soria, American

t Names listed are Group Chairmen.

PROCEIDINGS OF TIHIE IRE

microwave techniques are considered ap-
propriate.

Please submit papers to: Dr. Kivo
Tomiyasu, Chairman, Technical Program
Committee, 601 California Ave., Palo Alto,
Calif.

The Lighth National Conference of the
IRE Professional Group on Vehicular Com-
munications will take place at the Hotel
Statler, Washington, D. C., Dec. 4-5.

The opening session on “Vehicular Com-
munications liquipment Accessories” will
include papers on Transistorized Micro-
phones for Vehicular Communications, 11.
Johnson and L. Rosenman, Shure Bros.;
New-TypeIligh-Gain Station Antenna, M.V,
Scheldorf, Andrew Corp.; The End of the
Line, T. J. McMulfin, Communications 1n-
gineering Co.; and Sources of Interfercnce In-
herent in Vehicular Electrical Systems, B. H.
Short, Delco-Remy Div., General Motors
Corp.

The second session, on “Trends in Mo-
bile Equipment,” will include the following
papers: A New Arm for Vehicular Communi-
cation, |. R. Neubauer, RCA; A Compact,
Low-Cost 150 Mc Yobile Unit of Unusual
Design, M. A. Robbins, Canadian Marconi
Co.; Application of Single Sideband for Mo-
bile Communications, \W. L. Firestone, Moto-
rola, Inc.; and Transistorized Frequency
Reference and Control System for 920 Channel
Military  Vehicular UHF-FM  Receiver-
Transmitter, Don Kammer and Frank
Brauer, Avco Mfg. Corp.

The session on “Vehicular Systems Con-
siderations” will consist of papers on The
Meat of the Backbome, A. C. Giesselman,
General Electric Co.: Meeting the Demands
Sfor Vehicular Communications? Curtis Plum-
mer, the Federal Communications Commis-
sion; Dial-Operated fobile Radio Systems,
George Dodrill, the Rural Electrification
Administration; Dial Direct, Fully Auto-
matic Radiotelcphone System and Associated
Equipment, Ramsey McDonald, Richmond
Radiotelephone, Inc.; and Vehicular Trans-
missions, John Egli, U. S. Army Signal Eng.
Labs.

November

There will also be a panel discussion re-
lating to mobile frequency allocation and
assighment practices, moderated by . M.
Webster, former FCC Conunissioner.

Papers presented at this conference will
be published in the TRrRANSACTIONS of the
PGVC as soon as possible after the con-
ference’s conclusion. Registration is $3.

Members of the committee in charge of
the conference details are: J. J. Renner,
chairman of the \Washington Chapter of
PGVC; George Dodrill, chapter vice-chair-
man; G. J. Ikelman, chapter secretary; G. I=.
Woodside, program; R. L.. Abel, exhibits;
J. 15 Keller, hospitality; G. J. lkelman,
registration; Merle Floegel, treasurer; and
R. E. Tall, publicity.

TECHNICAL COMMITTEE NOTES

The following Technical Committees
held meetings this past month:

13—Video Techniques Committee,
S. Doba, Jr., Chairman, IRE
Headquarters.

-Nuclear Technijues Commit-
tee, G. A. Morton, Chairinan,
National Burean of Standards,
Washington, D. C.

-Radio Frequency Interference
Committee, A. B. Glenn,
Chairman, IRE Headquarters.
-Standards Committee, M. W
Baldwin, Jr., Chairman, IR
Headquarters.

Aug.

Aug. 27

Sept. 10-

Sept. 12

The following IR1Z Standards have been
approved recently by the IRE Standards
Committee and will be publisbed shortly in
the PROCEEDINGS: IRE Standards on
Graphical Symbols for Semiconductor De-
vices, 1957; IRE Standards on Letter Sym
bols and Mathematical Signs, 1948 (re-
printed 1957); IRE Standards on Reference
Designations for Electrical aml Electronic
Equipment, 1957; and IRE Standards on
Television: Measurement of Luminance Sig-
nal Levels, 1957.

Phenolic Corp., 1830 S. 54 Ave., Chicago
50, 111

Education—]. D. Ryder, Dept. of Elec.
Eng., Mich. State Univ.,, E. Lansing,
Mich.

Electron Devices—7T. M. Liimatainen, 5415
Connecticut Ave., N.W., Washington,
D. C.

Electronic Computers—\Werner Buchholz,
IBM Engineering Lab., Poughkeepsie,
N. Y.

Engineering Management—C. R. Burrows,
Ford Instrument Co., 31-10 Thomson
Ave., Long Island City 1, N. Y.

Engineering Writing ang Speech—D. . Mc-
Namara, Sperry Gyroscope Co., Great
Neck, L. I, N. Y.

Industrial Electronics—\V. R. Thurston,
General Radio Co., 285 Massachusetts
Ave., Cambridge 39, Mass.

Information Theory —\\'. B. Davenport, Jr.,
Lincoln Lab., M.L.T., Cambridge, Mass.

Instrumentation—F. C. Smith, Jr., South-
western Industrial Electronics Co., 2831

Post Oak Rd., louston 19, Tex.

Medical Electronics—L. B. Lusted, M.D.,
Clinical Center, National Institute of
Health, Bethesda 14, Md.

Microwave Theory and Techniques—\\V. L.
Pritchard, Raytheon Mfg. Co., Newton,
Mass.

Military  Electronics—\. E. Cleaves,
3807 Fenchurch Rd., Baltimore 18, Md.
Nuclear Science—]. N. Grace, Westing-
house Atomic Power Div., Pittsburgh 34,

Pa.

Production Techniques-—E. R. Gamson, Au-
tonetics, 395-91, 12214 Lakewood Blvd.,
Downey, Calif.

Reliability and Quality Control—Victor
Wouk, Beta Electric Corp., 333 12. 103rd
St., New York 29, N. Y.

Telemetry and Remote Control -C. I1.
Doersam, Jr.,, 24 Winthrop Rd., Port
Washington, L. 1., N Y.

Ultrasonics Engineering--C. M. Harris, 425
Riverside Dr., New York, N. Y.

Vehicular Communications —C. M. lleiden,
General Electric Co., Syracuse, N. Y.
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Akron (4)-H. F. Lanier, 2220- 27th St.,
Cuyahoga Falls, Ohio; Charles Morrill,
2248—16th St., Cuyahoga Falls, Ohio.

Alamogordo-Holloman (6)—V. ]. Lynch,
1105 Maple Dr., Alamogordo, N. Mex.;
R. B. Kleinman, Box 1054, Holloman
AFDB, N. Mex.

Albuquerque-Los Alamos (7}—B. I.. Basore,
2405 Parsifal, N.E., Albuquerque, N. Mex.;
John McLay, 3369—48 Loop, Sandia
Base, Albuquerque, N. Mex.

Atlanta (3)—W. B. Miller, 1369 Holly Lane,
N.E., Atlanta 6, Ga.; W. H. White, 1454
S, Gordon St., SAV., Atlanta 10, Ga.

Baltimore (3)— M. R. Briggs, Westinghouse
Elec. Corp., Box 746, Baltimore 3, Md.;
B. Wolfe, Director of Eng'g., Station
WAAM-TV, 3725 Malden Ave., Balti-
more 11, Md.

Bay of Quinte (8)-—\W. D. Ryan, Cavalry
House, Royal Military College, Kingston,
Ont., Canada; R. Williamson, R.R. 3,
Belleville, Ont., Canada.

Beaumont-Port Arthur (6)—F. M. Crum,
1905 Prairie St., Beaumont, Tex.; H. K.
Smith, 270 Canterbury Lane, Beaumont,
Tex.

Binghamton (1)-—Robert Nash, 12 Alice St.,
M.R. 97, Binghamton, N.Y.; Bruce Lock-
hart, R.D. 3, Binghamton, N. Y.

Boston (1)—C. J. Lahanas, 275 Massachu-
setts Ave., General Radio Co., Cambridge
39, Mass.; (secretary to be elected).

Buenos Aires—]. M. Onativia, Bustamante
1865, Buenos Aires, Argentina; L. F.
Rocha, Caseros 3321, DTO. B., Buenos
Aires, Argentina.

Buffalo-Niagara (1)—\\". S. Holmes, Cornell
Aeronautical Labs., 4155 Genesee St., Buf-
falo 21, N. Y.; R. B, Odden, 573 Allen-
hurst Rd., Buffalo, N. Y.

Cedar Rapids (5)—]. [.. Dalton, 2900 E.
Ave., N.E., Cedar Rapids, Towa; S. M.
Morrison, 2034 Fourth Ave., S.E., Cedar
Rapids, fowa.

Central Florida (3)—G. IF. Anderson, Dyna-
tronics, Inc., 717 W. Amelia Ave., Orlan-
do, Fla.; J. W. Downs, 1020 Highland
Ave., [Lau Gallie, Fla.

Central Pennsylvania (4)—\V. J. Leiss, 1173
S. Atherton St., State College, Pa.; P. J.
Freed, Hallor, Raymond & Brown, State
College, Pa.

Chicago (5)—D. G. Haines, 17 W. 121 Oak
Lane, Bensenville, Hl.; S. F. Bushman,
1166 Oakwood Ave., Des Plaines, I

China Lake (7)—C. F. Freeman, 100-B Hal-
sey St., China Lake, Calif.; P. K. S. Kim,
200-A Byrnes St., China Lake, Calif.

Cincinnati (4)—F. L. Weidig, Jr., 3819 Dave-
nant Ave., Cincinnati 13, Ohio; H. L.
Hancock, R.R. 4, Branch Hill Box 52,
Loveland, Ohio.

Cleveland (4)—]. F. Keithley, 22775 Doug-
las Rd., Shaker Ileights 22, Ohio; C. F.
Schunemann, 2021 Sagamore Dr., Euclid
17, Ohio.

Columbus (4)—T. E. Tice, 2214 Jervis Rd.,
Columbus 21, Ohio; G. R. Jacoby, 78 N.
James Rd., Columbus 13, Ohio.

Connecticut Valley (1)—B. R. Kameuns, 94

* Numerals in parentheses following section desig-
nate region number, First name designates Chairman,
second name. Secretary.

Admiral Dr., New London, Conn.; J. D.
I.ebel, Benedict Hill Rd., New Canaan,
Conn.

Dallas (6)—Frank Seay, Collins Radio Co.,
1930 Hi-Line Dr., Dallas, Tex.; T. B.
Moseley, 6114 Northwood Rd., Dallas 25,
Tex.

Dayton (4)—N. A. Nelson, 101 Castle Dr.,
Dayton 9, Ohio; D. G. Clute, 2132 Meri-
line Ave., Dayton 10, Ohio.

Denver (6) -R. C. Webb, 2440 S, Dahlia
St., Denver 22, Colo.; S. B. Peterson, 1295
S. Jackson, Denver 10, Colo.

Detroit (4)— L. C. Johnson, +117 Crooks Rd.,
Royal Oak, Mich.; G. E. Ryan, 5296 Dev-
onshire Rd., Detroit 24, Mich.

Egypt—H. M. Mahmoud, Faculty of Engi-
neering, Fouad I University, Giza, Cairo,
Egypt; El Garhi [ El Kashlan, Egyptian
Broadcasting, 4, Shari Sherifein, Cairo,
Egypt.

Elmira-Corning (1)—R. G. Larson, 220 Lyn-
hurst Ave., Windsor Gardens, Horseheads,
N. Y.; D. F. Aldrich, 1030 [offman St.,
Elmira, N. Y.

El Paso (6)—]. Crosson, 1100 Ioneysuckle
Drive, El Paso, Tex.; 1I. Markowitz, 700
E. Paisano Dr., El Paso, Tex.

Emporium (4)—H. S. Hench, Jr., Sylvan
Heights, Emporium, Pa.; H. J. Fromell,
Sylvania Elec. Prod. Inc., Emporium, Pa.

Evansville-Owensboro (5) —A. K. Miegl,
904 Kelsey Ave., Evansville, Ind.; M.
Casler, Evansville College, Evansville,
Ind.

Florida West Coast (3)—L. J. Link, 3216
Ninth St., North, St. Petersburg, Fla.; R,
Murphy, 12112 N. Edison Ave., Tampa 4,
Fla.

Fort Huachuca (7)-—J. K. Oliver, Box 656,
Ft. Huachuca, Ariz.; W. C. Shelton, Box
2919, Fort Huachuca, Ariz.

Fort Wayne (5)—T. L. Slater, 1916 Eileen
Dr., Waynedale, Ind.; F. P. Smith, Wind-
sor Rd., R.R. 15, Fort Wayne, Ind.

Fort Worth (6)—C. W. Macune, 3132 Forest
P’ark Blvd., Fort Worth, Tex.; G. 1. Rob-
ertson, 5749 Tracyne Drive, Fort Worth
14, Tex.

Hamilton (8)- -C. N. Chapman, 40 Dundas
St., Waterdown, Ont., Canada; C. ].
Smith, Gilbert Ave., Dancaster Courts,
Sub. Serv. 2, Ancaster, Ont., Canada.

Hawaii (7)—Vaughn Kelly, 99-1215 Ailea
Hgts. Dr., Aiea, Hawaii; D. L.. Grubb, 236
Paiko Dr., Honolulu, Hawaii.

Houston (6)—M. A. Arthur, Humble Oil &
Refining Co., P.O. Box 2180, 1ouston 1,
Tex.; C. G. Turner, Communications [in-
gineering Co., P.0. Box 12325, Houston
17, Tex.

Huntsville (3)—\\. O. Frost, P.0. Box 694,
Huntsville, Ala.; J. E. Douma, 804
Carmelian, S.E., Huntsville, Ala.

Indianapolis (5)—B. V. K. French, 4180
Marcy Lane, Apt. 62, Indianapolis 5,
Ind.; N. G. Drilling, 3002 Ashland Ave.,
Indianapolis 26, Ind.

Israel—E. Il Frei, Weizmman Inst. of Science,
Rehovoth, Isracl; Moshe Tkatsh, 7.0.B.
1, Kiryat Motzkin, Haifa, Israel.

Ithaca (1)—IIl. S. McGaughan, Dept. of
Elec. Eng., Cornell Univ.. Ithaca, N. Y.;
W. H. Murray, General Electric Co.,
[thaca, N. Y.

Kansas City (6)—P. C. Constant, Jr., 30134
E. Mever Blvd,, Kansas City 30, Mo.;
N. E. Vilander, 2509 W, 83rd St., Kansas
City 15, Mo.

Little Rock (6)—]. D. Reid, 2210 Summit,
Little Rock, Ark.; J. . McRae, Route 1,
Scott, Ark.

London (8) L. R. Jarmain, 13 King St.,
London, Ont., Canada; W. A. Nunn, Ra-
dio Station CFPL-TV, London, Ont.,
Canada.

Long Island (2)—E. G. Fubini, Airborne In-
strument Labs., 160 Old Country Rd.,
Mineola, L. [, N. Y.; . K. Stodola, 118
Stanton St., Northport, N. Y.

Los Angeles (7)—]. K. Gossland, 318 K.
Calaveras St., Altadena, Calif.; R. G.
Kuck, 914 Arrovo Dr., South Pasadena,
Calif.

Louisville (5)—MI. C. Probst, 5067 Poplar
Level Rd., Louisville, Ky.; W. J. Ryan,
4215 N. Western Pkwy., Louisville, Ky.

Lubbock (6)—1. W, Jenkius, Jr., Shell Oil
Co., Admin. Dept., Box 1509, Midland,
Tex.; J. J. Criswell, 511 50th St,, Lub-
bock, Tex.

Miami (3)—\W. L. Epperson, 5845 S.W. 108
St., Miami 43, Fla.; R. S, Rich, 7513 5.\,
54 Ct., S. Miamt, Fla.

Milwaukee (5)—]. E. Jacobs, 6230 Hale
I’ark Dr., Hales Coruers, Wis.; F. J. Lofy,
2258 S. 56 St., West Allis 19, Wis.

Montreal (8)—R. {. Penton, 6120 Cote St.,
Luc Rd., Apt. 6, Montreal, Quebec, Can-
ada; R. Lumsden, 1680 Lepine St., St.
Laurent, Montreal 9, Quebec, Canada.

Newfoundland (8)]. B. Austin, [r., Hgq.
1805th AACS Wing, APO 802, c/o PM,
New York, N. Y.; J. A, Willis, Canadian
Marconi Co., Ltd., Pinetree-NEAC De-
pot, Pepperrill AF B, St. John's Newfound-
land, Canada.

New Orleans (6)—M. F. Chapin, 8116
Hampson St., New Orleans, La.; G. A.
Hero, 1102 Lowerline St., New Orleans
18, La.

New York (2)-—J. S. Smith, 3717 Clarendon
Rd., Brooklyn, N. Y.; Joseph Recd, 52
Hillcrest Ave., New Rochelle, N. Y.

North Carolina-Virginia (3)—F. 2. Brooks,
Box 277, Colonial \ve., Colonial Beach
Va.; E. S. Busby, Jr., 1608 “B” St., Ports-
mouth, Va.

Northern Alberta (8)—]. E. Sacker, 10235—
103rd St., Edmonton, Alberta, Canada;
Frank Hollingworth, 9619-—85th St., L.d-
monton, Alberta, Canada.

Northern New Jersey (2)—T. N. Anderson,
1539 Deer Path, Mountainside, N. ]J.;
G. D. llulst, 37 College Ave., Upper
Montclair, N. J.

Northwest Florida (3)—G. C. Fleming, 579
E. Garduner Dr., Fort Walton Beach, Fla.;
W. F. Kirlin, 67 Laurie Dr., Fort Walton,
Beach, Fla.

Oklahoma City (6)—Nicholas Battenburg,
2004 N.W. 30th St., Oklahoma City 6,
Okla.; E. W. Foster, 5905 N.W. 42 St,,
Oklahoma City 12, Okla.

Omaha-Lincoln (5)—]. S. Petrik,c/o KETV,
27 & Douglas Sts., Omaha, Neb.; H. W.
Becker, 1214 N. 34 St., Omaha 3, Neb.

Ottawa (8)—L. H. Doherty, 227 Barclay
Rd., Ottawa 2, Ont., Canade; R. S. Thain,
54 Rossland Ave., Box 474, City View,
Ont., Canada.
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Philadelphia (3)—Nels Johnson, Philco
Corp., 4700 Wissahickon Ave., Philadel-
phia 44, Pa.; \W. A. lloward, \WRCV, 1619
Walnut St., Philadelphia 4, Pa.

Phoenix (7)—G. L.. McClanathan, 509 E.
San Juan Cove, Phoenix, Ariz.; E. S. Shep-
art, 5716 N. 19 St., Phoenix, Ariz.

Pittsburgh (4)—Garv Mufily, 715 Tlulton
Rd., Oakmont, P’a.; 1. R. Kaiser, WIIC-
WIWSW, Sherwyn Hotel, Pittsburgh 22,
Pa.

Portland (7)—D. C. Strain, 7325 SV, 35
Ave., Portland 19, Ore.; \V. 5. Marsh,
6110 S.\V. Brugger St., Portland 19, Ore.

Princeton (2)- L. .. Burns, Jr., RCA Labs,,
Princeton, N. J.; Sylvan Fich, College of
Eng'g., Rutgers Univ., New Brunswick,
N. J.

Regina (8)—J. A. Funk, 138 Leopold Cres-
cent, Regina, Saskatchewan, Canada;
E. C. Odling, 1121 Minto St., Regina,
Saskatchewan, Canada.

Rio de Janeiro, Brazil — M. I’. De Britto Pe-
reira, Caixa DPostal 562, Rio de Janciro,
Brazil; J. A. lHertz, Caixa Postal 97
L.apa, Rio de Janeiro, Braazil.

Rochester (1) 1. 1.. McArdle, Box 54,
Brighton Station, Rochester 10, N. Y.;
1.. D. Smith, 27 Landing Park, Rochester,
N. Y.

Rome-Utica (1) Edward R. Orear, Ch., 36
Herthum Rd., Harts Hill Heights, Whites-
boro, N. Y.; Sidney Rosenberg, V. Ch,,
907 Valentine Ave., Rome, N. Y.; Rob-
ert A. Zachary, Jr., Sec., 11 Arbor Drive,
New llartford, N. Y.

Sacramento (7)—FE. W. Berger, 342158
St., Sacramento 20, Calif.; P. K. Onnigian,
4003 Parkside Ct., Sacramento, Calif.

Subsections

PROCEEDINGS OF THE IRE

St. Louis (6)—C. E. Mosley, 8622 St. Charles
Rock Rd., Overland 14, Mo.; R. D. Roden-
roth, 7701 Delmont, Affton 23, Mo.

Salt Lake City (7)—J. S. Ilooper, 1936
Hubbard Ave., Salt Lake City 5, Utah;
A. L. Gunderson, 3906 Parkview Dr., Salt
lake City 17, Utah.

San Antonio (6)—F. A. Brogan, 433 Brees
Blvd., San Antonio 9, Tex.; W. L. Donald-
son, 129 El Cerrito, San Antonio, Tex.

San Diego (7)—I5. J. Moore, 3601 Eighth
St., San Diego 3, Calif.; R. J. Cary, Jr.,
4561 Normandie Place, La Mesa, Calif.

San Francisco (7)—M\lever Leifer, Electronic
Defense Lab., Box 205, Mountain View,
Calif.; V. B. Corey, 385 Gravatt Dr., Ber-
kelev 5, Calif.

Schenectady (1)-—A. E. Rankin, 833 Whit-
ney Dr., Schenectady, N. Y.; Sec.-Treas.
to be appointed later.

Seattle (7)—R. 1. Hoglund, 1825 E. Lynn
St., Seattle 2, Wash.; L.. C. Perkins, Box
307, Des Moines, Wash.

Shreveport (6)—II. H. Moreland, 11q. 2nd
Air Force, Barksdale AFB, La.; M. C.
Benson, P.0. Box 1316, Shreveport, La.

South Bend-Mishawaka (5)—R. D. Ewing,
3755 Terry Lane, Mishawaka, Ind.; 1. E.
Harry, Bendix Prod. Div.-Missiles, 400 S,
Beizer St., Mishawaka, Ind.

Southern Alberta (8)—\. IX. Allan, 2025
29th Ave., SAV,, Calgary, Alta., Canada;
R. W, II. Lamb, Radio Station CFCN,
12th Ave. and Sixth St. E., Calgary, Al-
berta, Canada.

Syracuse (1)—]J. B. Russell, Salt Spring Rd.,
Favetteville, N. Y.; R. N. Lothes, General
Electric Co., Bldg 3 —Industrial Park,
Syracuse, N. Y.

November

Tokyo—Yasujiro Niwa, Toxvo Llec. Engi-
neering College, 2-2 Kanda-Nishikicho,
Chivoda-Ku, Tokyo, Japan; Fumio Mino-
zuma, 16 Ohara-Machi, Meguro-Ku, Tok-
yo, Japan.

Toledo (4)—H. 1.. Nevert, 3534 Woodmont
Rd., Toledo 13, Ohio; K. P. tlerrick, 2516
Fulton St., Toledo 10, Ohio.

Toronto (8) —H. W. Jackson, 352 Laird Dr.,
Toronto 17, Ont., Canada; R. J. A. Turner,
66 Gage Ave., Scarborough, Ont., Canada

Tucson (7)—I. 5. Russell, llec. Lngrg.
Dept., Univ. of Ariz., Tucson, Ariz.; C. L.
Becker, 4411 E. Sixth St., Tuecson, Ariz.

Tulsa (6)—R. L. Atchison, 415 . 14 1L,
Tulsa 20, Okla.; B. I. Keller, 1412 S.
Winston, Tulsa 12, Okla.

Twin Cities (5)—FE. W. llarding, 5325 Col-
fax Ave., S., Minneapolis, Minn.; S. \WV.
Schulz, 3132 Fourth St., S E,, Minneapo-
lis 14, Minn.

Vancouver (8)—R. A. Marsh, 3873 . 23
Ave., Vancouver, B. C., Canada; T. G.
Lynch, 739 Edgewood Rd., North Van-
couver, B. C., Canada.

Washington (3)—A. I1. Schoolev, 3940 First
St., SAV., Washington 24, D. C.; J. E.
Durkovie, 10316 Colesville Rd., Silver
Spring, Md.

Wichita (6)—\V. K. Klatt, 2625 Garland,
Wichita 4, Kan.; A. 'T. Murphy, Univ. of
Wichita, Dept. of Elec. Engig., Wichita
14, Kan.

Williamsport (4)—(No chairman at pres-
ent); \W. I1. Bresee, 818 Park Ave., Wil-
liamsport, Pa.

Winnipeg (8) —-C. J. Hopper, 332 Bronx
Ave., Winnipeg §, Man., Canada; T. J.
White, Dept. of I2.15,, University of Mani-
toba, Ft. Garry, Man., Canada.

Berkshire (1) Rohert Shechan, Ballou
Lane, Williamstown, Mass.; A. K. Hooks,
Sprague Elec. Co., N. Adams, Mass.

Buenaventura (7)—M. H. Ficlds, 430 Rod-
erick St., Oxnard, Calif.; D. J. Heron,
1316 Ocean Dr., Oxnard, Calif.

Charleston (3)—A. Jonas, 105 Lancaster St.,
N. Charleston, S, C.; F. A. Smith, Route
4, Melrose Box 572, Charleston, S. C.

East Bay (7)— C. \W. Park, 6035 Chabolyn
Terr., Oakland 18, Calif.; Robert Rector,
1425 Edith St., Berkeley, Calif.

Eastern North Carolina (3)—Names of offi-
cers not vet known.

Erie (1)—]J. ). leibel, 310 W. Grandview,
Erie, Pa.; D. . Smith, 3025 State St.,
IErie, Pa.

Gainesville (3)—W. E. Lear, Dept. of Elec.
Eng., Univ. of Fla.,, Gainesville, Fla
(Chairman)

Hampton Roads (3)-—R. L. Lindell, WTAR
Radio Corp.. 720 Boush St., Norfolk 10,
Va.; J. E. Eller, Waterview Apts., Apt.
E-3, Portsmouth, Va.

Kitchener-Waterloo (8)—Jules Kadish, Ray-
theon Canada, L.td., 61 Laurel St., Water-
loo, Ont., Canada; G. C. Field, 48 Itarber
Ave., Kitchener, Ont., Canada.

Lancaster (3)—\W. T. Dyall, 1415 Hillcrest
Rd., Lancaster, Pa.; P. \V, Kaseman, 405
S. School Lane, Lancaster, Pa.

Las Cruces-White Sands Proving Grounds
(6)—(Chairman to be elected) ; M. Goldin,
1921 Calle de Suneos, l.as Cruces, New

Mex.

Lehigh Valley (3)—F. \V. Smith, .E. Dept.,
Lafayette College, Alumni 1lall of Eng'g.,
Easton, Pa.; L. G. AMcCracken, Jr., 1774
W. Union Blvd., Bethlehem, ’a.

Memphis (3)-—R. N. Clark, Box 227, Mem-
phis State College, Memphis, Tenn.
(Chairman)

Mid-Hudson (2)—Altman Lampe, Cramer
Rd., R.D. 3, Poughkeepsie. N. Y.; M. R.
Marshall, 208 Smith St., Poughkeepsie,
N. Y.

Monmouth (2)—Edward Massell, Box 433,
Locust, N. J.; Harrison Rowe, Box 107,
Red Bank, N. J.

Nashville (3)-—\V. . Stifler, Jr., Aladdin
Electronics, Nashville 2, Tenn.; P. E.
Dicker, Dept. of Elec. Engrg., Vanderbilt
Univ., Nashville 5, Tenn.

New Hampshire (1)—}1. R. Richmond, 55
Raymond St., Nashua, N. Il.; R. O.
Goodwin, 86 Broad St., Nashua, N. I1.

Northern Vermont (1)—Charles Iorvath,
15 Iby St., S. Burlington, Vt.; D. M.
Wheatley, 14 Patrick St., S. Burlington,
Vt.

Orange Belt (7)—R. E. Beckman, 113 N.
Lillie Ave., Fullerton, Calif.; R. W.
Thorpe, 303 S. Louise Ave., Azusa, Calif.

Palo Alto (7)—Wayne Abraham, 4256 I.os
Palos Pl., Palo Alto, Calif.; \V. E. Aver,
150 Erica Way, Menlo Park, Calif.

Panama City (3)—C. B. Koesy, 1815 Moates
Ave., St. Andrew Station, Panama City,
Fla.; M. H. Naeseth, 1107 Buena Vista
Bivd., Panama City, Fla.

Pasadena (7)—]J. L.. Stewart, Assoc. Prof.
of Elec. Engrg., Calif. Inst. of Tech.,
Pasadena, Calif.; J. E. Ranks, Electro-
Data, Pasadena, Calif.

Piedmont (3)—I1. H. Arnold, 548 S. West-
view Dr., Winston-Salem, N. C.; C. A.
Norwood, 830 Gales Ave., Winston-Salem,
N. C.

Quebec (8)—R. E. Collin, 590 Avenue Mon
Repos, Ste. Foy, Quebec, Can.; R. M.
Vaillancourt, 638 Avenue Mon Repos,
Ste. Foy, Quebec, Canada.

Richland (7)—R. E. Counally, 515 Cotton-
wood Dr., Richland, Wash.; R. R. Cone,
611 Thayer, Richland, Wash.

San Fernando (7)—]J. C. Van Groos, 21051
Constanso St., Box 425, Woodland Hills,
Calif.; F. E. La Fetra, 22700 Erwin St.,
Woodland Hills, Calif.

Santa Barbara (7) —G. J. Maki, 1417 Pacific
Drive, Santa Barbara, Cal#.; C. I.
Hedges 316 Coleman Ave., Santa Bar-
bara, Calif.

USAFIT (4)—I1.Cdr. E. M. Lipsey, 46 Spin-
ning Rd., Davton 3, Ohio; Sec.-Treas. to
be appointed later.

Westchester County (2)—D. S. Kellogg, 9
Bradley Farms, Chappaqua, N. Y.; M. ].
Lichtenstein, 53 Beaumont Cirele, Yonk-
ers, N. Y.

Western North Carolina (3)—]. G. Carey,
1429 Lilac Rd., Charlotte, N, C.; R. W.
Ramsey, Sr., 614 Clement Ave., Charlotte
4, N.C.
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Conference on Magnetism and Magnetic Materials

SueraToN Park HotEL, Wasiingtox, D. C., Nov. 18-21

Monpay, NOVEMBER 18

9:30 A.M.
Sheraton Hall
Invited Papers

Opening Remarks, J. E. Goldman, con-
ference chairman. G. T. Rado, presiding.

Paper by L. Néel, Institut Fourier,
Grenoble, France.

Physical Phenomena Involved in Maser
Operation, C. 1.. Hogan, Harvard Univ.

Masers, C. H. Townes, Columbia Univ.

Time Decrease of Permeability in Iron,
G. W. Rathenau, Natuurkundig Labora-
torium, Univ. of Amsterdam, Netherlands.

Observations on Magnelism Research in
Europe, J. S. Smart, U. S. Office of Naval
Research, London, England.

2:00 p.M.

Sheraton Hall

Magnetization Reversal: Mostly in
Thin Films

C. P. Bean, presiding.

Magnetic Anisotropy and Relaxation in
Thin Films, D. O. Smith, Lincoln Lab. of
M. L T.

Magnetization Reversal in Thin Films of
Permalloy, C. D. Olson and A. V. Pohm,
Remington Rand Univac.

Rotational Model of Flux Reversal in
Square Loop Soft Ferromagnets, E. M.
Gyorgy, Bell Tel. Labs.

Transverse Flux Change in Soft Ferro-
magnets, F. B. Humphrey, Bell Tel. Labs.

The Effects of Heat Treatment of Thin
Ferromagnetic Films at Intermediate Tem-
peratures, E. N. Mitchell, Remington Rand
Univac.

Reversible Rotation in Magnetic Films,
R. M. Sanders and T. D. Rossing, Reming-
ton Rand Univac.

Steady-State and Pulse Measurement
Techniques for Thin Ferromagnetic Films in
the Frequency Range 0.3 to 5000 Mc, D. O.
Smith and G. P. Weiss, Lincoln Lab. of
M. 1L T.

Ferromagnetic Resonance in Ultra-Thin
Films, M. H. Seavey, Jr. and P. E. Tannen-
wald, Lincoln Lab. of M. 1. T.

Domain Walls and Palterns in Thin
Permalloy Films, E. E. Huber, Jr., D. 0.
Smith and J. B. Goodenough, Lincoln Lab.
of M. I. T.

Motion Pictures of Magnelic Wriling on
Thin Films of MnBi, H. ]J. Williams and
R. C. Sherwood, Bell Tel. Labs.

Continental Room
Small Particles and Permanent Magnets

W. F. Brown, Jr., presiding.

Electron Microscopical Investigation of
the Metallographic Structure of Ticonal-G
(Alnico V), J. ]J. deJong, J. M. G. Smeets
and H. B. Haanstra, Philips Research Labs.,
Eindhoven, Netherlands.

Relation Between Colloid Pattern and
Permanent Magnet Precipilate During the
Magnetization Reversal in Almico V, K. J.

Krononberg and R. K. Tenzer, Indiana Steel
Products Co.

Physical and Magnetic Properties of
Elongated Single-Domain Fine Particle Iron
and Iron-Cobalt Permanent Magnets, R. B.
Falk, E. J. Yamartino, and R. C. Lever,
Measurement Lab. of General Electric Co.

Effects of Magnetic Fields upon Aniso-
tropic Iron Crystals, J. H. L. Watson, Edsel
B. Ford Institute for Medical Research,
A. Arrott, Scientific Lab., Ford Motor Co.,
and M. W. Freeman, M. W. Freeman Co.

Loss of Exchange Coupling in the Surface
Layers of Ferromagnetic Particles, F. E. Lu-
borsky, Instrument Dept., Gen. Elec. Co.

Ferromagnetic Resonance Studies of Some
Solid State Transformations, D. S. Rodbell,
General Electric Research Lab.

Magnetic Determination of Shape Distri-
bution of Single Domain Powders, C. E.
Johnson, Jr. and W. F. Brown, Jr., Minne-
sota Mining and Mfg. Co.

Magnetic Measurements on Some Precipi-
tating Systems, A. E. Berkowitz and P. J.
Flanders, Franklin Institute Labs.

Precipitation and Magnetic Annealing in
a Copper-Cobalt Alloy, J. ]J. Becker, General
Electric Research Lab.

Turspay, NOVEMBER 19

9:00 a.M.
Sheraton Hall
Ferromagnetic Resonance: Line Structures

J. K. Galt, presiding.

Resonant Modes of Ferromagnetic Spher-
oids, L. R. Walker, Bell Tel. Labs.

Multiplicities of the Uniform Precessional
Mode in Ferrimagnetic Resomance, 1. H.
Solt, Jr., R. L. White and J. E. Marcereau,
Hughes Research Lab.

Ferromagnetic Resonance and Nonlincar
Effects in Yitrium Iron Garnet, R. C. LeCraw,
E. G. Spencer and C. S. Porter, Diamond
Ordnance Fuze Labs.

Low Temperature Spin Wave Resonance
at 3000 and 4000 Mc/sec in a Permalloy
Having Nearly Zero Magnetocrystalline Anis-
otropy, J. R. Weertman and G. T. Rado,
U. S. Naval Research Lab.

Effect of Electronic Mean Free Path on
Spin Wave Resonance in Ferromagnetic
Metals, G. T. Rado, U. S. Naval Research
Lab.

Ferromagnetic Dynamical Response, H. B.
Callen, Dept. of Physics, Univ. of Pa.

Dipole Narrowing of Inhomogeneously
Broadened Ferromagnelic Resomance Lines,
A. M. Clogston, Bell Tel. Labs.

Origin of Ferromagnelic Resonance Line
Broadening in Manganese Rich Manganese
Ferrites, S. E. Harrison, RCA Labs., and
H. S. Belson and C. J. Kriessman, Reming-
ton Rand Univac.

Ferromagnetic Resonance in Uniaxial
Polycrystalline Materials, C. A. Morrison
and N. Karayianis, Diamond Ordnance Fuze
I.abs.

Ferromagnetic Resonance in Polycrystal-
line Nickel Ferrite Aluminate, E. Schlomann
and J. R. Zeender, Raytheon Mfg. Co.

Damping and the Dispersion Relations in
Antiferromagnetic Resonance, E. S. Dayhoff,
U. S. Naval Ordnance Lab.

Continental Room
Magnetic Alloys: Mostly Oriented

J. K. Stanley, presiding.

Magnetic Anisotrcpy Induced by Mag-
netic Annealing and by Cold Working of
NiyFe Crystal, Soshin Chikazumi, Dept. of
Physics and Chemistry, Gakushuin Univ.,
Mejiro, Tokyo, Japan.

The Effect of Sample Thickness on the
Field Annealing of 6.5%, Si-Fe, P. A. Albert,
Magnetic Materials Dev. Section, Westing-
house Electric Corp.

Recrystallization of MnuBi Induced by a
Magnetic Field, O. 1.. Boothby, D. H. Wanny
and E. E. Thomas, Bell Tel. Labs.

Effects of Composition and Processing
Variables on the Magnetic Properties of the
Nominal 509, Nickel, 509, Iron Alloy, M. ].
Savitaki, Metals I-ng. Dept., Westinghouse
Electric Corp.

Orientation Study of Ultra-Thin Molyb-
denum Permalloy Tape, P. K. Koh, Alle-
gheny Ludlum Steel Corp.

The Development of Preferred Orientations
in Silicon-Iron, J. R. Brown, Metal Physics
Section, G. K. N. Group Research Lab.,
Wolverhampton, England.

The (110) 001 Secondary Recrystalliza-
tion Texture in Silicon-Iron, H. C. Fiedler,
General Electric Research Lab.

Magnetic Properties of Cube Textured
Magnetic Sheet, J. L. Walter, W. R. Ilibbard,
H. C. Fiedler, H. E. Grenoble, R. H. Pry
and P. G. Frischmann, General Electric Co.

Cube Texture in Body Centered Cubic
Magnetic Alloys, G. Wiener, . A. Albert,
and R. H. Trapp, Westinghouse Elec. Corp.,
and M. F. Littmann, Armco Steel Corp.

Low Magnetic Resonance in the High
Aluminum Iron Alloys, D. DPavlovic and
K. Foster, Materials Eng. Dept., Westing-
house Electric Corp.

Effects of Elastic Bending on Magnetic
Properties of Oriented Silicon-Iron, R. W.
Cole, Crucible Steel Co. of America.

2:00 p.M.
Sheraton Hall

Magnetic Moments and Crystal
Structures of Oxides

L. R. Maxwell, presiding.

The Effect of Hydrostatic Pressure and
Temperature on the Magnelic Properties of a
Nickel-Zinc Ferrite, C. Q. Adams and C. M.
Davis, Jr., U. S. Naval Ordnance Lab.

The Preferential Volatilization of Cations
rom Ferrites during Sintering, J. M. Brown-
low, IBM Corp. Research Center.

Some Properties of Quenched Magnesium
Ferrites, D. J. Epstein and B. Frackiewicz,
Lab. for Insulation Research, M. 1. T.

Ionic Valences in Manganese-Iron Spin-
els, A. H. Eschenfelder, IBM Res. Center.

Substitution for Iron in Ferrimagnetic
Yitrium-Iron Garnet, M. A. Gilleo and
S. Geller, Bell Tel. Labs.

Some Ferrimagnetic Properties of the Sys-
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tem Li.Ni,_;0, J. B. Goodenough and D. G.
Wickham, Lincoln Lab. of M. I. T., and
W. J. Croft, RCA Labs.

Effect of Thermal History on the Anti-
Jerromagnetic Transition in Zinc Ferrite,
D. M. Grimes and E. F. Westrum, Jr., Univ.
of Michigan.

Magnetic Germanates Isostructural with
Garnet, A. Tauber and H. Kedesdy, U. S.
Army Signal Eng. Labs., and E. Banks,
Polytechnic Inst. of Brooklyn.

Some  Magnetic and Crystallographic
Properties of the System LaMny_.Ni,O;,
A. Wold, R. J. Arnott and J. B. Good-
enough, Lincoln Lab. of M. 1. T.

Crystal Growth of Magnetic Garnets, J. W.
Nielsen, Bell Tel. Labs.

Antiferromagnetic Structures of MnSa,
MnSes, and MnTe,, L. M. Corliss, N. Elliott
and J. M. Hastings, Brookhaven Nat. Lab.

Continental Room
Applications and Testing

A. D. Franklin, presiding.

Measurement of Losses of Magnetic Ma-
terials at High Inductions, at Frequencies up
to 100 Megacycles, 1. Bady, U. S. Army
Signal Eng. Labs.

Measurements of the Property of Various
Ferrites Used in Magnetically Tuned Res-
onant Circuits in the 2.5 to 45 Mc Region,
P. P. Lombardini, R. F. Schwartz and R. J.
Doviak, Univ. of I’a.

The Behavior of the TE Modes in Ferrite
Loaded Rectangular Waveguide in the Region
of Ferromagnetic Resonance, V. J. Crowe,
Bell Tel. Labs.

Energy Distribution in Partially Ferrite
Filled Waveguides, J. E. Tompkins, Diamond
Ordnance Fuze Labs.

A Miniaturized Resonant Antenna Using
Ferrites, D. M. Grimes, Univ. of Michigan.

An Appraisal of Permanent Magnet Ma-
terials for Magnetic Focusing of Electron
Beams, M. S. Glass, Bell Tel. Labs.

The Performance of Permanent Magnets
at Elevated Temperatures, W. H. Roberts,
General Electric Co.

The Micro-Uniformity of Permanent Mag-
net Materials, L. 1. Mendelsohn, General
Electric Co.

Understanding and Predicting Permanent
Magnet Performance by Electrical Analog
Methods, R. J. Parker, General Electric Co.

Method for Measuring Saturation Mag-
netization in Ring Samples, C. D. Graham,
Jr., General Electric Research Lab.

Some Aspects of Tempering 349, Silicon
Iron via Time Decay of Permeability, E. S.
Anolick and J. Singer, Transformer Labs.,
General Electric Co.

Materials Problems in Magnetic Suspen-
sion Apparatus, J. B. Breazeale, Bill Jack
Scientific Instrument Co.

WEDNESDAY, NOVEMBER 2()

9:00 A,
Sheraton Hall

Ferromagnetic Resonance: Nonlinear
Effects and Garnets

C. L. Hogan, presiding.

Origin and Use of Instability in Ferro-
magnetic Resonance, 11. Suhl, Bell Tel. Labs.

A Solid State Microwave Amplifier and

PROCEEDINGS OF THE IRE

Oscillator Using Ferrite, M. T. Weiss, Bell
Tel. Labs.

A New Type of Ferromagnetic Microwave
Amplifier, C. L. Hogan, Harvard Univ.

Microwave Frequency Conversion Studies
in Magnetized Ferrites, E. N. Skomal, Syl-
vania Elec. Products.

Spin-Lattice Relaxation Time in Yiirium
Iron Garnet, R. T. Farrar, Diamond Ord-
nance Fuze Labs.

Ferrimagnetic Resonance in Gadolinium
Iron Garnet, B. A. Calhoun, W. V. Smith and
J. Overmeyer, IBM Corp. Research Center.

Ferromagnetic Resonance in Yitrium Iron
Garnet at Low Frequencies, E. G. Spencer,
R. C. LeCraw and C. S. Porter, Diamond
Ordnance Fuze Labs.

Microwave Properties of Polycrystalline
Rare Earth Garnets, M. H. Sirvetz and ]. E.
Zneimer, Raytheon Mfg. Co.

Ferromagnetic Resonance in Single Cry-
stals of Rare Earth Garnet Materials, R. V.
Jones, G. P. Rodrigue and W. P. Wolff,
Harvard Univ.

2:00 p.y.
Sheraton Hall
Anistropy and Magnetostriction

R. M. Bozorth, presiding.

Temperature Dependence of the Magneto-
crystalline Anisotropy Cocfficients in Cubic
Crystals, E. Callen, National Security
Agency, J. L. Jackson, National Bureau of
Standards, and H. B. Callen, Univ. of Pa.

Temperature Dependence of Ferronagnetic
Anisotropy, W. J. Carr, Jr., Westinghouse
Elec. Corp.

Magnetocrystalline Anisotropy of My-Fe
Ferrites: Temperature Dependence, Ionic Dis-
tribution Effects and the Crystalline Field
Model, V. ]J. Folen and G. T. Rado, Naval
Rescarch Lab.

Magnetic Annealing in Cobalt-Iron Fer-
rite Single Crystals, L. R. Bickford, Jr.,
J. M. Brownlow and R. F. Penoyer, IBM
Corp. Rescarch Center.

Magnetization Processes in Ilcat-Treated
Single Crystal Cobalt Ferrite, S. Foner, Lin-
coln Lab. of M. I. T, and J. O. Artman,
Harvard Univ.

Crystallographic and Magnetic Studies of
the System NiFes_ Mn.0;, P. K. Baltzer and
J. G. White, RCA.

Origin  of  Anisotropic  Effects in
Co.Fes_;04, J. C. Slonczewski, 1BM Corp.
Research Center.

Theory of Magnetostriction and g-Factor
in Ferrites, Noboru Tsuya, Tohoku Univ.,
Sendai, Japan.

The Relationship Between Single Crystal
and Effective Polycrystalline Anistropy Con-
stants in Ferrites, C. J. Kriessman, Reming-
ton Rand Univac, S. E. Harrison, RCA
Labs., and H. S. Belson, Remington Rand
Univac.

Exchange Anistropy in the Iron-Iron
Oxide System, W. 11. Meiklejohn, General
Electric Research Lab.

Magnetostriction and Elastic Properties of
Ferromagnetic Substances at High Magnetic
Fields, H. Sato, Ford Motor Co.

THurspAY, NOVEMBER 21

9:00 A.M.
Sheraton Hall

November

Magnetization Processes: Reversals
and Losses

J. R. Weertman, presiding.

Domain Wall Motion in Metals, R. \V.
DeBlois, General Electric Research Lab.

Preparation and Properties of Crystul-
Oriented Ferroplana Samples, A. L. Stuijts
and H. . J. Wijn, Philips Research Labs.,
Eindhoven, Netherlands.

A Rigorous Approack to the Theory of
Ferromagnetic Microstructure, W. F. Brown,
Jr., Minnesota Mining & Mfg. Co.

The Magnetization Curve of the Infinite
Cylinder, A. Aharoni and S. Sutrikman, The
Weizmann Institute of Science, Rehovot,
Israel.

A Model for Nonlinear Flux Reversals of
Square Loop Polycrystalline Magnetic Cores,
M. K. Haynes, IBM Corp. Research Center.

Temperature Dependence of Microwave
Permeabilities for Polycrystalline Ferrite and
Garnet Materials, J. Nemarich and J. C.
Cacheris, Diamond Ordnance Fuze Labs.

The Effect of Cobalt on the Relaxation
Frequency of Nickel-Zinc Ferrite, F. J.
Schunettler and F. R. Monfo:lte, Bell Tel.
Labs.

The Switching Properties of Permalloy
Cores of Varying Coercivity, T. D. Rossing
and V. J. Korkowski, Remington Rand
Univac.

Rotational Loss Measurements on Some
Ferrites, J. M. Kelly, Armour Res. Found.,
Ilinois Inst. of Technology.

The Temperature Dependenie of the At-
tentuation of Ultrasound in a Nickel Single
Crystal from 77° to 650°K, F. West, Texas
Instruments, Inc.

Magnetic Fluctuations in Molybdenum
Permalloy, J. J. Brophy, Armour Res.
Found., 11L. Inst. of Technology.

Burgundy Room
Magnetic Apparatus and Techniques

T. R. McGuire, presiding.

A New Concept in Large Size Memory
Arrays—The Twister, A. H. Bobeck, Bell
Tel. Labs.

Analysis and Operation of a Ferrite Plate
Switch Driven Memory System Using 2 Holes
Per Bit, V. L. Newhouse and M. M. Kauf-
man, Bizmac Lng., RCA.

Recent Advances in the Design of High
Field DC Solenoid Magnets, H. H. Kolm,
Lincoln Lab. of M. I. T.

Further Development of the Vikrating Coil
Magnetometer, K. Dwight, M. Memyuk and
D. Smith, Lincoln Lab. of M. 1. T.

An Improved Torque Magnetometer, W. S.
Byrnes, Westinghouse Llectric Corp.

A Transparent Ferromagnetic Light Mod-
ulator Using Yitrium Iron Garnet, C. S.
Porter, I5. G. Spencer and R. C. LeCraw,
Diamond Ordnance Fuze Labs.

Design of Optimum Inductors Using Mag-
netically Ilard Ferrites in Combination with
Magnetically Soft Materials, J. T. Ludwig,
Minneapolis-Honeywell Regulator Co.

Pulse Generator Based on High Shock De-
magnetization of Ferromagnetic Material,
R. W. Kulterman, Sandia Corp.

A New Magnetic Core Loss Cemparator,
R. E. Tompkins and L. H. Stauffer, General
Electric Co.

The Preparation of Alnico VII Castings
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with Improved Physical Properties, D. H.
Wenny and K. M. Olson, Bell Tel. Labs.
Skull-Cap Method for Magnetizing Bowl-
Shaped Magnetron Magnets, F. X. Mac-
Donough, Jr., Bomac Laboratories.

2:00 p.M.
Sheraton Hall

Magnetic Moments and Crystal
Structures of Metals

J. J. Becker, presiding.
Magnetometallurgy ~ Applications and
Methods, A. Arrott, Ford Motor Co.
Suggestions Concerning the Role of Coval-
ence in Transition Elements and Their Alloys,
J. B. Goodenough, Lincoln Lab. of M. [. T.
Transitions from Ferromagnetism to Anti-
ferromagnetism in Iron Aluminum Alloys,
A. Arrott and H. Sato, Ford Motor Co.
Some Unusual Magnetic Properties of

IRE News and Radio Notes

NiMn, . S. Kouvel, C. D. Graham, Jr. and
J. J. Becker, General Electric Research Lab.

Magnetic Properties of Dilute Magnetic
Alloys and of the Rare Earth Metals, G. \V.
Pratt, Jr., Lincoln Lab. of M. 1. T

Further Magnetic and X-Ray Diffraction
Studies on Iron-Rich Iron-Aluminum Alloys,
A. Taylor and R. M. Jones, Westinghouse
Research Lab.

AMlagnetic Moments and Apparent Molecu-
lar Fields in Some Rare Earth Metals and
Compounds, W. E. llenry, U. S. Naval Re-
search Lab.

Burgundy Room
Domain Patterns and Theory

T. O. Paine, presiding.

Magnetic Domain Palterns on Iron
Whiskers, R. V. Coleman and G. G. Scott,
General Motors Corp.

Domain Observations on Iron Whiskers,

1565

R. W. DeBlois and C. D. Graham, Jr., Gen-
eral Electric Research Lab.

Magnetic Domain Wall Motion, P. R.
Gillette and K. Oshimna, Stanford Res. Inst.

A Calculation of the Energy Loss in Mag-
netic Sheet Materials Using a Domain Model,
R. II. Pry and C. P. Bean, General Electric
Research Lab.

Growth of MnBi Crystals and Evidence
for Subgrains from Domain Patterns, \V. C.
Ellis, H. J. Williams and R. C. Sherwood,
Bell Tel. Labs.

Anliferromagnetic Domain Walls and the
Magnelization Process in a-Fe:0s, 1. S. Jacobs
and C. P. Bean, Gen. Elec. Rescarch Lab.

Optical Properties of Several Ferrimag-
netic Garnets, J. F. Dillon, Jr., Bell Tel. Labs.

Contribution to the Study of Ferromagnetic
Multidomain Particles, H. Amar, Franklin
Inst. Labs.

Constraint Principles in Ferromagnelic
Domain Theory, L. Gold, Lincoln lLab. of
M. I. T.

Eastern Joint Computer Conference

SnrraTtoN Park Hoteln, WasnincTox, D. C., Dec. 9-13, 1957

MonDpAY, DECEMBER 9
Morning

Industrial Control Computers and
Instrumentation I

Session Chairman: J. F. Reintjes, Massa-
chusetts Institute of Technology.

The Electronic Phase Shift Decoder, G. T
Moore, Concord Controls, Inc.

Systems Design of a Numerically Con-
trolled Machine Tool, E. C. Johnson and
Y. C. Ho, Bendix Aviation Corp.

Logical Organization of the Digimatic
Computer, J. Rosenberg, Electronic Control
Systems, Inc.

The Master Terrain Model System, J. A.
Stieber, U. S. Naval Training Device Center.

Afternoon

Industrial Control Computers and
Instrumentation II

Session Chairman: E. C. Johnson, Bendix
Aviation Corp.

A Coordinaled Data Processing System
and Analog Computer lo Determine Refinery
Process Operating Guides, C. 11. Taylor,
Fisher and Porter Co.

System  Characteristics of a Compuler-
Controller for Use in the Process Induslries,
W. E. Frady and M. Phister, Jr., Ramo-
Wooldridge Corp.

Real-Time Hybrid Computers for Elec-
tronic Control Systems, C