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THE cOVER—If a suspension of tiny iron-oxide particles
!s poured over the polished surface of a magnetic material
and examined through a microscope, an unusual pattern
similar to that depicted on this month’s cover will be ob-
served. The accumulation of the iron powder along well-
defined boundary lines indicates the existence of small
magnetic “domains” running in various directions within
the material. Each domain is magnetized to saturation,
but the material as a whole will not reach saturation until
all the domains are pointing in the same direction.

Interest in magnetic materials has been greatly stimu-
lated by the widespread application of ferrites in such de-
vices as the control coil shown on the cover. An excellent
survey of the use of ferrites in inductors appears in the first
paper in this issue.
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Arthur V.

PRESIDENT, 1956

Arthur V. Loughren was born in Rensselaer, New York, on
September 15, 1902. He received the B.A.and the E.E. degrees
from Columbia University in 1923 and 1925, respectively.

Upon graduation, Mr. Loughren spent two years at the
Research Laboratory of the General Electric Company con-
cerned with problems arising from the adaptation of vacuum
tubes to circuits. Then followed two and a half years in the
Radio Engineering Department. In 1930 he transferred to the
RCA Manufacturing Company at Camden, New Jersey,
where, successively, he became responsible for the design of
tuned radio-frequency reccivers, loudspeakers and phono-
graph pickups, as well as all factory tests and inspections. In
1934, he rejoined the General Electric Company at Bridgeport,
Connecticut, to work on the design of radio receivers.

In 1936 Mr. Loughren joined the laboratories of Hazeltine
Corporation. I1e then rose to become, successively, engineer in
charge of television developiment, design supervisor for military
equipment programs, and director of research. He is currently
vice-president in charge of research for Hazeltine Corporation
and executive vice-president of Hazeltine Research Inc., a sub-
sidiary of Hazeltine Corporation.

During World War 11 Mr. Loughren received the U. S.
Navy, Bureau of Ships, Certificate of Commendation for Out-
standing Service to the Navy for contributions to electronic
development. During his leng career Mr. Loughren has been
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awarded thirty U. S. electronics patents. He is a member of
Phi Beta Kappa, Sigma Xi, and Tau Beta B

His professional and industrial activities have included
membership in Panels 7 and 9 of the first National Television
System Commiittee and Panel 6 of the Radio Technical Plan-
ning Board, the chairmanship of the Joint Advisory Commit-
tee, and service on RETMA committees. He is currently vice-
chairman of the present National Television System Commit-
tee and chairman of its Panels 7 and 13. He was awarded the
David Sarnoff Gold Medal in 1953 by the Society of Motion
Picture and Television Engineers for “meritorious achieve-
ment in television engineering,” and the 1954 Plaque of the
RETMA-IRE Radio Fall Meeting with the citation, “for his
contributions to color television circuitry.” His outstanding
contributions in the formulation of the signal specifications for
compatible color television won him the coveted IRE Morris
Liebmann Memorial Prize in 1955.

Mr. Loughren joined the IRE as an Associate in 1924. He
became a Member in 1929, a Senior Member in 1943 and a
Fellow in 1944. He has served on the Papers Procurement,
Membership, Finance, Executive, and Editorial Review com-
mittees, and as Chairman of the Awards and Policy Advisory
Committees. He has also been a member of Radio Receivers,
Standards, Television, and Vacuum Tubes committees. He
served as Director from 1952-1935.
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The State of Radio and Electronics in Egypt

ProFESsor H. M. MaumMoup, CAIRO UNIVERSITY

In view of the recent formation of an IRE Section in Egypt, the following report on the recent
growth of radio engineering there is of special timeliness and interest.— The Editor.

Egypt’s unique geographical juxtaposition to the Mediter-
ranean and Red Seas, and the African and Asian continents
has since the days of the Pharaohs made Egypt a center of
culture, trade and communications—a melting pot where east-
ern and western ideas meet and mingle. In recent years Egypt
has shown a strong determination to improve her standard of
living and develop the land through modern methods. This
editorial aims to show this determination in the particular
fields of radio and electronics by outlining the history of the
development of radio and electronics in Egypt during the past
two decades, the present situation, and future plans.

Regular Egyptian broadcasting, which is government-con-
trolled, was started in 1933 as a single program from a 20-kw
transmitter. From the beginning it was realized that such serv-
ice was inadequate, but the advent of World War 11 inevitably
delayed normal expansion. After the war’s end, the situation
was rectified to such an extent that today Egypt has in opera-
tion three medium-wave high-power transmitters with ratings
up to 100 kw, six low-power regional transmitters, and three
high-power short-wave transmitters with powers of 100 kw,
120 kw and 140 kw. The antenna system serving these trans-
mitters occupies a 250-acre area, and the switching of short-
wave antennas is carried out by a novel remotely-controlled
mechanical switch. As a result, Cairo is now able to broadcast
programs in twelve different languages over a total broadcast-
ing time of 100 hours per day. The broadcasting station itself,
even though it has undergone two major expansions since 1933,
is still inadequate. A new station, therefore, is now being
erected, including modern programming facilities and tele-
vision studios, which will embody the most up-to-date archi-
tectural and acoustical designs.

Television broadcasting has not yet begun in Egypt, but
the potentialities and value of this medium have not been over-
looked. A committee was formed to draft a scheme defining
the lines along which television would be introduced to the
country. This committee has submitted its report, and steps
are now being taken to realize this scheme. In the meantime
occasional experimental transmissions are being carried out by
the Electronics Laboratory of the Faculty of Engineering,
Cairo University.

Wireless telecommunication services are run by a division
of the State Telegraph & Telephone. They include maritime,
meteorological, and press agencies’ teleprinter services.

Public security and police radio services are used now only
in the big cities, but a country-wide network will soon be put
into operation.

Public radiotelephone and telegraph services have been in
operation for a long time. These services are owned and
operated by a private company whose contract expires in 1958;
at that date the government will assume control. Meanwhile,
to meet the increasing demand for radiotelephone and tele-
graph services a large transmitting station is being constructed
in the vicinity of Cairo. The antenna system of this station will
occupy nine hundred acres. A receiving station, with an an-
tenna system covering two hundred acres, is also being built.

A tremendous expansion in military electronics has oc-
curred in the last decade. The Signa! Corps, Artillery, and Air
Force now use modern electronic equipment in communica-
tions, early warning and fire control radar.

Egyptian radio and electronic industry has just started
radio receiver production on an assembly-line basis.

Since 1930 the need for competent engineers to man these
projects has been met by giving courses in basic radio, com-
munications and electronics to electrical engineers. About a
hundred such engineers graduate annually from Cairo, Alex-
andria, and Ein Shams Universities. To nieet the need for more
specialized radio engineers, a more advanced course in radio
and electronics was started by the University of Alexandria in
1947, and by the University of Cairo in 1948. The number of
graduates each year started at thirty, but it has doubled since.
These two universities also offer postgraduate courses which
include advanced studies in mathematical communications
theories, pulse, television, radar techniques, and microwave
theories. A third of the time spent in postgraduate study is
allotted to experimental work.

In the past the universities have been responsible for all of
the research effort in Egypt. Recently, however, a National
Rescarch Council was created, and the nucleus of an Elec-
tronics Institute, concerned with problems of research and de-
velopment, has been formed. This organization, which has a
modern, properly-equipped laboratory operated by a group of
qualified scientists and engineers, is presently investigating the
possibility of underground water prospecting by radio methods.

At one time the progress of a nation was measured in terms
of the means of communications it possessed; today, however,
we feel the state of its radio and electronics is a better criterion.

-
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A Survey of the Application of Ferrites

to Inductor Design®
R. S. DUNCANY{, AssociaTE, IRE, AND H. A. STONE, JR.¥

The following paper is one of a planned series of invited papers, in which men of
recognized standing will review recent developments in, and the present status of,
various fields in which noteworthy progress has been made.—The Editor

Summary—Within the last ten years, due to the advent of ferrites
important new possibilities in inductor design have materialized.
Higher Q’s, smaller sizes, and lower costs are among the advantages
these new magnetic materials offer. This paper discusses the proper-
ties of ferrites and reviews the progress that has been made thus
far in their application to inductors.

INTRODUCTION

N THE EARLY 1940’s the design of high Q mag-

netic core inductors might be said to have been in

a state of uninspired stability. The molybdenum
permalloy powders [1] had become established as the
outstanding core materials for coil usage at frequencies
up to at least 100 kc. Silicon iron in laminar form con-
tinued to dominate powder applications, but where pre-
cision, stability, and high Q were required the “moly”
toroids were almost invariably called for. These were
available in several sizes and permeabilities and their
properties were well characterized; which is to say that
the limitations in coil design were well defined.

During the war, as the need developed for electronic
gear of improved performance and smaller size, the
shortcomings of the available magnetic materials began
to become oppressive. Shortly after the war the birth of
the transistor added impetus to the clamor for more
compact equipment. The need for high quality coils of
small size clearly would not be met with molybdenum
permalloy or other known metallic alloys.

It was into this sort of situation that the high permea-
bility ferrites were introduced. As we review their
adaptability to present-day coil needs it will not be sur-
prising that they have so rapidly assumed major
importance.

This survey is concerned primarily with the applica-
tion of ferrites to inductors. Most of the emphasis is on
linear or current-stable coils, such as are used in con-
ventional filters, equalizers, tuners, etc. Brief attention
is also given to a few special nonlinear coil applications.
The important contributions of ferrites to other devices
such as pulse transformers, antenna rods, gyrators, etc.,
lie beyond the scope of this paper.

* Original inanuscript received by the IRE, September 9, 1955.
t Bell Telephone Labs., Inc., Murray Hill, N. J.

In metallurgical circles the word ferrite has other con-
notations, but in the electronic field it refers simply to
iron oxides, or magnetic mixtures of iron oxides with
oxides of other metals. The use of ferrites as core
materials for inductors is generally considered a recent
development and, in a practical sense, this is justified
since extensive use is based on the work done by the
Philips Company in Holland, and announced in 1946
[2]. As a matter of historical interest, however, ferrites
were used in coils, at least as far back as 1935, These
first ferrite cores were made from naturally occurring
magnetite, Fe;Os. The ore was ground and impurities
removed by magnetic separation [3]. Synthetic mag-
netite has also been used. Although inexpensive, mag-
netite cores are extremely limited by their low permea-
bility, between 2 and 4. Their principal use has been as
slugs for high frequency coils and even in this applica-
tion they have now been largely replaced by carbonyl
iron and permalloy powders.

The importance of the Philips’ research was in the
establishment on a practicable basis of mixed ferrites
with permeabilities in excess of 1,000. High permea-
bility combined with the high resistivity of semi con-
ductors has opened the door to achievements in induc-
tors which, only a few years ago, would have been
considered fantastic.

FERRITE PROPERTIES

Foremost among the desirable characteristics of a
core material is permeability, commonly symbolized by
u. The improvement in an inductor due to use of a
magnetic core whose permeability is significantly
greater than unity is effected in two distinct ways. First,
the physical size of the coil can be reduced since a
winding of fewer turns of smaller wire in a high p core
will give performance equivalent to a larger winding
used without a core. Second, the high permeability core
tends to reduce leakage of magnetic flux, thus obviating
the need for bulky shielding enclosures frequently re-
quired with air core inductor designs. From this one
might assume that the highest possible permeability
would always be the best. However, in ferromagnetic
materials the increase of u without limit is not desirable
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because it entails a sacrifice with respect to core losses
which relates to the second important core property, Q.

The quality factor, Q, of an inductor is defined as the
ratio of reactance to resistance. It is of major importance
as a measure of the purity of the inductance or its
relative freedom from the degrading effect of losses
which appear as series resistance in the equivalent cir-
cuit. For example, since the value of Q of the com-
ponents in a filter determines the maximum amount of
frequency discrimination which that filter can exhibit,
in this large field of inductor application high Q is
invariably a desideratum.

As is well-known, alternating current losses in mag-
netic materials are a function of permeability, flux
density (B.) and frequency (f) as expressed in Legg's
equation for equivalent series resistance [4]:

Rm = euf’L + auBnL + cufL,

in which e, a, and ¢ are constants and L is inductance.
It is seen that an increase in p will inevitably result in
increased ac core losses and therefore lower Q. Due to
the presence of direct current resistance in addition to
core losses, at any given frequency an optimum value
of u can be determined for which total coil losses are a
minimum (and therefore Q a maximum).

It has been shown [5] that the product #mQn is a very
useful parameter for characterizing ferrite core ma-
terials. Here Qn, is the “material Q” and u. the permea-
bility measured on a closed core. The introduction of air
gaps in the core structure changes the relative values of
u and Q in the product u.Q, where now the subscripts
refer to effective values of the two factorsin the gapped
structure. However, so long as average flux density is
maintained constant and if leakage is not excessive,
ueQ. will be approximately equal to gmQn. A more im-
portant and useful property of the uQ product is that
with a given core structure into which various amounts
of air gap are introduced, the maximum Q obtainable
at the frequency of interest with a given core material
and the corresponding value of effective u are each
directly proportional to +/uQ of that material. Thus the
uQ product is a sort of synthetic parameter of special
utility in evaluation of the magnetic ferrites as core
materials.

A third magnetic core property of importance is the
saturation flux density. This value is related to the
upper bend of the B—H magnetization characteristic of
the material. In this region increases in the magnetizing
force produce relatively small increases in flux density.
Magnetic nonlinearity sets an upper limit to the current
level which can be used in ferromagnetic core inductors
for applications requiring a high degree of inductance
stability.

The mechanical properties of a core material affect
to a large extent its scope of usefulness. Among the
qualities desired are high tensile and compressive

Duncan and Stone: Ferrite Applications in Inductor Design 5

strength, good resistance to impact, ability to function
unimpaired over a wide range of ambient conditions of
temperature and humidity, good dimensional stability,
and ability to be formed into complex core shapes at
low cost.

The above properties will now be considered with
specific reference to modern ferrites. Table I shows

| Applicati
Composi- Rhucation
u . Frequency i
tion R 0
4,000 NiZn up to 100 kc 50,000 at 10 kc
1,500 MnZn 5 ke to 500 ke 300,000 at 10 kc
500 NiZn 100 kc to 2 mc 20,000 at 500 kc
100 NiZn 1 mc to 15 mc 5,000 at 2 mc
50 NiZn 5 me to 25 mc 5,000 at 10 mc
15 1 Ni above 25 mc 500 at 50 mc

permeability and uQ values for a few typical ferrite
compositions. It is seen that values of # up to about
4,000 are available which is ample to permit effective
inductor miniaturization. The situation with regard to
uQ is shown in Fig. 1, a chronological step chart of
values available in various materials including ferrite.
It is in uQ that ferrite most significantly outperforms
previously available materials.

1000000
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Fig. I—Improvement in uQ related to time of introduction of various
magnetic materials.

The saturation flux density of typical ferrite ranges
from about 2,000 to 4,000 gausses. This value is rela-
tively low and it is this property which definitely limits
the applicability of ferrites for high-current level in-
ductor cores.

In mechanical properties the ferrites are not far from
ideal. Strength, dimensional stability, and producibility
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in complex shapes are all satisfactory. However, one
area of relative weakness is that of temperature be-
havior, where the Curie temperature ranging from 70 to
300°C sets a top limit to operating temperature ranges.
The great hardness of the ferrites, while generally ad-
vantageous, imposes one restriction on the coil de-
signer. Precise core dimensions can be produced only by
grinding operations which tend to be expensive and
therefore must be held to a minimum for economical
core designs.

CoiL DEsIGN CONSIDERATIONS

As a way to a useful, if arbitrary, kind of order in dis-
cussing coil design we can divide all inductors into two
categories—“air core” and “magnetic core.” The quota-
tions belong in both places because solenoidal or duo-
lateral coils with magnetic slugs are considered by coil
designers to be in the air core class, and almost all
magnetic core coils have air gaps in one form or another.

Ferrites have some importance as tuning slugs for air
core inductors especially where it is important to provide
a long range of adjustment. Their chief use, however, is
in magnetic core coils. These can again be divided into
two categories: the “ring” type as exemplified by the
toroidal and rectangular core coils, and the “pot” type
in which the winding is substantially surrounded by the
core. Generally speaking, the rectangular type coil
using simple ferrite pieces such as “C’s” and “I's”
represents the simplest and most economical structure.
Air gaps as required can be included at the butted joints
in the core. Adjustment of inductance by removal of
turns is possible but the structure is not generally suita-
ble where such adjustments must be made outside of the
coil assembly shop. The rectangular structure does not
show up well where extreme miniaturization is im-
portant, for although its displacement volume may be
small, its shape is inefficient from the standpoint of
usable equipment space. The toroidal type ferrite coil,
except for those restricted applications where a one-
piece closed core is indicated, has little to recommend it.
Toroidal windings are inherently expensive since the
winding machines cannot compete in speed with simple
solenoidal winders and they must be reloaded for each
coil. The toroids have the same limitation in adjustment
as the rectangular types and, to a somewhat lesser ex-
tent, the same shape disadvantage.

The pot type structures lend themselves handily to
various kinds of adjustment schemes; they are self-
shielding, they embody implicit protection for fine wire
windings, and their cylindrical shape is efficient from the
standpoint of equipment miniaturization. For these
reasons they have been favored for most of the more
exacting ferrite coil work.

ADJUSTABLE INDUCTORS

In the field of dc chokes and brute force filters in-
ductance requirements may be quite wide, consisting in
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some cases only of a minimum limit. With a few excep-
tions of this sort almost any inductor can be said to be
or to have been adjustable, at least at some time in its
existence. Even if it is eventually sold as a fixed in-
ductor, somewhere along the line of manufacture the
design has allowed for an adjusting procedure. As a
general thing, it is not economical to hold tolerances on
parts and processes tightly enough to obviate the need
for supplemental adjustment.

In some kinds of designs this adjustment may be ac-
complished simply, such as, for example, by removing
turns from a toroidal coil. In others, notably pot types,
special design features must be provided to permit fac-
tory adjustment. In either case, having in hand a fixed
coil for a precision application, the coil user has pre-
sumably already paid for adjustment. Often, in spite of
this, he will still have to provide further adjustment.
In a filter circuit, for instance, he may have to add
trimming capacitance, or he may have to select and
match his components. Admittedly, the latter is not
exactly adjustment, but it is an awkward way of ac-
complishing the same thing.

The advantages of an adjustable coil, then, are two-
fold. One, it does not normally have to be adjusted in
the factory; and two, it provides the means by which the
circuit in which it is used can be lined up.

In general, when we talk of adjustable inductors we
have this sort of application in mind. The adjustment
range may be from a few per cent to, perhaps, 40 or 50
per cent on either side of the mean. Mechanically the
design need only allow for a small number of operations
of the adjustment mechanism during the life of the
apparatus. The inductor must be capable of being
locked after adjustment, or the mechanism must be stiff
enough to hold its adjustment under service conditions
of shock and vibration. Calibration is not normally
required.

An entirely different concept of adjustment relates
to what, for distinction, we shall term tuners, for appli-
cations such as tuning a radio set. The requirements for
these are entirely different than for ordinary adjustable
inductors. The ratio of maximum to minimum induc-
tance may have to be 20 or 30 to 1. The design must
allow for many thousands of operations during service
life. Locking devices are not usually required but cali-
bration may very likely be. Tuners will be considered
separately because their peculiar requirements call for
entirely different design approaches.

Adjustable magnetic core inductors are not new, but
for filters and networks they were not generally practica-
ble before the advent of ferrites. Although some at-
tempts had been made to adapt adjusting devices to
powder toroids, these had tended to be expensive both
in dollars and Q.

The first high quality adjustable ferrite core inductor
is believed to be a design introduced by the Philips
Company [6]. This was a pot type coil made up of
manganese zinc core parts. The principle of its adjust-
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ment is shown in Fig. 2. The length of the main gap is
controlled by grinding the center post and outside ring
to prescribed differential dimensions. Final adjustment
is then accomplished by the use of a plastic strip coated
with ferrite powder. As shown in the figure, this strip,
which is about 0.15 inch wide and 7 or 8 inches long,
is threaded through slots in the ring so that it passes
through the main air gap. The coating of ferrite on the
strip is graded from about 0.001-inch thick at one end

Fig. 2—Inductor using ferrite-coated plastic strip within the air
gap for adjustment of inductance.

to anywhere from 0.003- to 0.008-inch at the other. The
effective length of the main gap is thus, to a first approx-
imation, reduced in proportion to the thickness of ferrite
on the strip and this in turn is a function of the length-
wise position of the strip in the core. After locating the
strip so that the required inductance is met it can be
cemented in place and the excess cut off. The range of
control of inductance by use of this strip is in the order
of 10 per cent.

Fig. 3—Adjustable inductor using auxiliary ferrite slug. (1509 type
adjustable ferrite core coil for type 0 carrier system.)

In this country there was also early interest in pot
type coils with provisions for adjustment. Fig. 3 shows
a design created at Bell Laboratories and now in wide
use in carrier telephone system filters [7]. This design
features a slug which can be inserted, by rotating a
screw, into a depression in the center post, providing an
essentially linear inductance adjustment range of about
120 per cent. It is mechanically capable of positioning
to a precision of about 0.01 per cent and can be locked
after adjustment. This coil meets unusually high Q re-
quirements; from 500 to 600, depending on inductance
value and frequency.
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Both of the coils described above permit accurate
adjustment, and this means that several conditions have
been met:

1. The ratio of inductance change to mechanical dis-
placement is low. It is accomplished in the Philips’
coil by the very gradual taper of the thickness of
core material on the plastic strip, and in the Bell
Laboratories’ coil by a fine thread screw. In the
latter about seven revolutions of the adjusting
screw are required to cover the adjustment range.

2. This ratio always has the same sign. “Waviness” in
the adjustment characteristic is always undesirable
and if it exists to such a degree that the inductance
goes through successive maxima and minima as the
coil is being adjusted by null methods, spurious
balances will result.

3. Backlash and other phenomena of mechanical
looseness have been kept to a minimum.

4. Locking can be accomplished and the hand or ad-
justing tools removed without changing the ad-
justment.

In both of these designs the approach is to provide a
mechanically stable main air gap modified by an extra
magnetic detail; in the one case the ferrite coated
plastic and in the other a ferrite slug. This approach
appeals because it provides rigidity in those core meni-
bers that have the greatest effect on inductance. Since
in adjusting these coils the differential dimensions in-
volved may be fractions of a thousandth of an inch,
there is a measure of security in allowing motion only
in the relatively small and light supplementary parts.

This security, however, carries economic penalties in
two ways. First, directly, since the provision and the
assembly of the extra parts cost money. Second, as a
result of inflexibility. The range of frequency best
served by the two inductors so far described is deter-
mined by the mean air gap, which is a fixed parameter
of the structure. To adapt them to a different frequency
range would involve more changes than are at once ap-
parent. Suppose, for instance, in the design shown in
Fig. 3 it were desired to change the coil so that the best
Q's would be realized at 10 kc instead of 100 kc. The
length of the main air gap would have to be materially
reduced and this could be accomplished simply by speci-
fying a longer center post or a shorter outside ring. But
then it would be found that the slug was far less effective
in shunting the shortened air gap and the range of
adjustment would be reduced. To restore this range the
diameter of the slug might be increased. This, however,
would introduce a new trouble. Reduced clearance be-
tween the slug and the walls of the main core would ag-
gravate spurious cyclic changes of inductance, or “wavi-
ness,” superimposed on the normal adjustment charac-
teristic.

Where the need for very precise setting of the induc-
tance is not a factor, it becomes possible to use designs
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in which the effective mechanical motion can be re-
stricted to 180°. This is important because it permits
the use of very simple structures of the type exemplified
by Fig. 4, where one of the cores is rotated with respect
to the other. The required air gap spacing can be pro-
vided by insertion of a physical spacer or it can be
achieved by differential grinding, as illustrated in the
figure. The latter has the disadvantage of a more dif-
ficult grinding operation but it avoids the problems of
strength and dimensional stability that apply to paper
or plastic separators. The change in inductance in this
type of coil results, not from a change in effective air
gap length but from a change in effective cross section
of the gap. This is accomplished either by irregularity
in the shape of the post, as shown, or by cutaway sec-
tions in the periphery of the shell. Both versions have
been used and each has its advantages. A somewhat
higher Q for a given size structure can be obtained if the
shell is cut away because in cores of practical dimensions
there tends to be more area in the rim than in the center
post. Proportionately more of it can be sacrificed with-
out degrading the coil’s performance. On the other hand,
this method reduces the effective self-shielding of the
coil. If the post is shaped, it can be done in such a way
as to achieve a variety of desired characteristics of rota-
tion vs. inductance, such as, for instance, an approxima-
tion of a straight-line frequency characteristic.

AR __ BNV 7
GAP /4

)

Fig. 4—Inductance adjustment by rotation of core to produce vari-
ation in air gap area.

All of the adjustment mechanisms described above
have been based on manipulation, in one way or an-
other, of the air gap. While this seems to have been the
most popular approach, it is not the only one. For
example, Fig. 5 shows a pot type coil in which continu-
ous adjustment of turns is possible [7].

Adjustment by magnetization of the core with per-
manent magnets has been used in connection with
permalloy powder toroids [8], but so far as the authors
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Fig. 5—Adjustment of inductance based on addition or
removal of turns.

are aware, not with ferrites. In using such a method it is
necessary to consider modulation and other distortion
effects, as well as loss of Q.

TUNERS

The chief distinction between tuners and other ad-
justable inductors is in the requirement for long range of
adjustment. Since, using a fixed capacitor, resonance
frequency is proportional to the square root of induc-
tance, it requires a 9 to 1 inductance adjustment range
just to cover the 0.5 to 1.5 mc broadcast band. This
contrasts with the 11 or 11 to 1 kind of performance that
we have considered so far.

Success in handling this long range has been achieved
by use of a magnetic variometer. Fig. 6 illustrates the
principle. The windings on the two cores are so poled
that during rotation they pass from a series aiding to a
series opposing condition. With a coupling of 90 per cent
between cores, which is easily achieved, almost a 20 to
1 variation of inductance is implied. Even though the
Q tends to suffer when the windings are directly in op-
position, existing designs have permitted practical
ranges of this order.

A novel variation of the magnetic variometer has been
devised to fill a need for double tuning. This device,
illustrated in Fig. 7 has been descriptively dubbed the
“twinductor.” Electrically, it can be considered as two
variometers, the opposite windings on each core being
connected in the same manner as in the single variome-
ter. Since the flux patterns in each core due to the two
pairs of windings are at right angles to each other, there
is no mutual interaction between them. Thus the wind-
ings are electrically independent while, at the same
time, they are controlled by one simple mechanical
motion. Once the coil has been initially balanced, no
problem in tracking can occur.

The chief weakness of variometer type tuners has
been that the long range of adjustment must be effected
in a 180° turning of the cores. This makes them too
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sensitive to be usable for some of the more exacting ap-
plications. Gear reduction schemes have been partially
successful in overcoming this disadvantage but the
problem of backlash, as well as expense, limits their
practical use.

Where the frequency range of interest is high enough
so that Q's obtainable with slug tuned coils are adequate,
say above a megacycle, the ferrites can contribute to
long range tuning. The two conditions that are needed
are high permeability in the core, which the ferrites can
provide, and close proximity of the core and the winding,
which must be provided by design. In one instance the
need for a thin wall between the ferrite core and .the
winding was met in the following way. In order to

Fig. 6—Ferrite core variometer.

realize a 10 to 1 range it was determined that the wall
thickness should not exceed 0.004 inch. Tubes of this
thickness were too fragile to be handled so the inductor
was wound on a solid rod of epoxy casting resin. The rod
was then recast to envelop and protect the winding, and
finally the inside was drilled out leaving the required
thin wall. Slug tuned coils can be designed for very
sensitive control by use of a fine thread lead screw for
the tuning slug.
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Fig. 7—The “twinductor.” Two electrically independent variometers
using common core parts.

MINIATURIZATION

In recent years there has been a growing demand for
miniaturized apparatus. The use of improbable numbers
of electronic components in aircraft, the need for light
and compact equipment for soldiers in the field, the
public interest in portable radios and smaller deaf sets,
are factors in this trend toward small size. Until recently
practical miniaturization was limited by the size and
power requirements of electron tubes but new orders in
size are now being paced by the transistor. The transis-
tor demands passive components of a size comparable
with itself so that its own potentials for equipment
miniaturization can be realized, and at the same time it
provides the possibility of such miniaturization by its
very modest demands for power.

Coil designers have been finding in the ferrites the
answer to their part of the responsibility for equipment
size reduction. The possibility of using high and con-
trollable permeabilities and the ability to let the coil
parameters determine the form of core rather than de-
signing the coil to meet restrictive requirements for core
shape have resulted in impressive accomplishments in
miniaturization.

The permalloy powder cores are not only limited to
such simple forms as the toroid, but they are also re-
stricted to a few discrete permeabilities. Since this char-
acteristic is a function of the fineness of the powder and
the amount of insulation it is commercially impractica-
ble to manufacture cores having a great variety of
permeabilities. Another restriction is that the highest
value of permeability obtainable is only about 125.

Unlike the permalloys, the ferrites are used in bulk
form and the effective permeability may be tailored, by
inclusion of appropriate air gaps, to fit the individual
needs of different coil designs. Effective permeabilities
as high as 1,500 can be realized.
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Some of the ramifications of coil miniaturization
might best be reviewed by considering first an inductor,
which may be of any shape or size, but whose permea-
bility is such as to insure the highest possible Q for the
inductance and frequency of interest. It will be assumed
that the power level is low enough so that the core loss is
not current sensitive. It will also be assumed, for the
moment, that ac losses in the wire and losses due to
distributed capacitanc’e are small. The remaining losses,
then, consist of the c resistance in the winding, the
“residual” loss in thg core and the eddy current loss in
the core [4]. It is of interest that neither of these core
losses are dependent on volume, per se. They are, how-
ever, directly proportional to permeability.

If the inductor under consideration is reduced in size
in such a way that none of the proportions are altered,
it will be found that the inductance is reduced directly as
the linear dimensions. To make a meaningful compari-
son between the reduced size coil and the original it is
necessary, then, to restore the inductance. This can be
done either by increasing the number of turns, in-
creasing the permeability, or both. It can be shown that
increasing the permeability and leaving the turns alone
will result in the highest Q, and, in fact, that the opti-
mum permeability is inversely proportional to the linear
dimensions of the coil. Thus, to maintain as high a Q
as possible when size is reduced, it is important to have
materials, such as the ferrites, where intrinsic perme-
ability is high and can be controlled by simple means.

The value of Q under the conditions described will
turn out to be proportional to the cube root of the
volume; that is, directly proportional to any of the
linear dimensions of the coil. Limits to miniaturization
by proportional reduction of dimensions, and readjust-
ment of coil permeability, may be of four kinds:

1. Q becomes too low to be practicable for the circuit
need. If the required size is such that the Q cannot
even theoretically be met, the problem reverts
back to the circuit designer.

2. The intrinsic permeability of the core material is
too low to permit adjustment as size is further
reduced. With ferrites this is unlikely to be a prob-
lem except at voice frequencies. In such cases,
where the permeability can no longer be adjusted
upward, the deterioration of Q begins to approach
the 2 instead of the % power of coil volume.

3. The solution of the mechanical problems attendant
on putting smaller pieces together and maintaining
closer tolerances becomes economically im-
practical.

4. Temperature stability of the coil, due to the higher
working permeability, fails to meet requirements.

Item (3), obviously, and (4), a little less obviously,
are problems for the coil designer. With regard to (4),
substantially all of today’s ferrites give decided positive
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temperature coefficients of inductance. The effect of this
instability is approximately in proportion to the effec-
tive permeability of the inductor in which the ferrite is
used. The inductor designer has, however, the possi-
bility of designing temperature compensation into his
coils. One simple approach is to have the air gap expand
with temperature at such a rate as to maintain constant
effective coil permeability as the material permeability
increases. This requires careful choice of materials and
of design proportions.

Referring to temporary assumptions above, that the
ac wire losses and distributed capacitance effects were
small, most often such is the case. Where it is not, and
these losses are significant, they tend to become less
significant as the size of the coil is decreased. The ac
wire loss is generally considered to be proportional to
the sixth power of the wire diameter [9] and the dis-
tributed capacitance is roughly proportional to the
linear dimensions of the structure. As a matter of fact,
reduction of distributed capacitance can sometimes con-
stitute an important bonus in miniaturization.

One of the smallest ferrite core inductors so far having
reached manufacture is shown in Fig. 8. This is a fixed

Fig. 8—Details of construction of miniature ferrite core choke.

coil using pot type manganese zinc cores. It is about
linch in diameter and {-inch long, excluding the
terminal leads. In spite of its small volume, about 0.015
cubic inch, it is suitable for inductances of up to more
than 100 mh, and Q’s approaching 100 have been
realized. These characteristics, as is generally the case
with the smallest coils, are dependent on low level opera-
tion. Thus, they are particularly suitable for transistor
circuitry.

While fixed miniature coils such as the above have
their field of use, adjustability of inductors tends to be-
come more important as size is reduced. This is because
adjustable air capacitors, or even fixed trimmers, take
up an amount of space that is out of all proportion with
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the volume of the more miniature assemblies. The in-
ductors, then, must assume the burden of adjustability
that capacitors could have carried in larger equipments.
Some of the same principles of adjustment that have
been described for larger coils are applicable for the
miniature ones, even though tolerances become pro-
gressively harder to meet as designs are scaled down.
The principle illustrated in Fig. 3 has been successfully
used for an inductor only $-inch in diameter and about
§-inch long. A screw type adjustment was used for a coil
of about the same volume and a working Q of almost
300 was realized [10]. A novel scheme of adjustment
adapted to a miniature solenoidal coil consisted of a
traveling contact that effectively shorted out turns as
it was rotated [11]. Adjustment was limited to a few
end turns so that the Q of the coil would not be exces-
sively degraded. Miniature tuners both of the variome-
ter and slug tuned types have been successfully used.

Loaping CoiLs

One of the largest fields of use for high Q inductors is
in the loading of telephone cables. This use differs from
many of the filter and network applications in several
important respects. First, it is usually required that
loading coils carry appreciable direct current for signal-
ing. This may, in some cases, approach 100 milliam-
peres. Second, modulation requirements are particu-
larly severe, especially for carrier telephone circuits
where there is danger of modulation products appearing
in adjacent talking channels. Third, crosstalk must be
kept to a very low level. Crosstalk is a function of
balance, leakage, external shielding and relative posi-
tioning of adjacent coils.

Toroidal coils of molybdenum permalloy powder,
which was originally developed expressly for this appli-
cation, are used almost exclusively for low frequency
loading in this country. Permalloy powder cores are
ideally suited to this use by their ability to carry appre-
ciable direct current and their very low leakage. Al-
though present ferrites could be used, this is one field
where they would not offer outstanding advantages.
Their dc carrying characteristics are marginal and the
use of discrete air gaps with attendant local leakage ag-
gravates the crosstalk problem.

In spite of these facts, and because the main con-
stituent of permalloy is nickel, which is a strategic
material, some attention has been given to ferrites for
loading. Work has been aimed toward creating a ferrite
which would be, for all practical purposes, a direct sub-
stitute for molydbenum permalloy powder. Such a
material, formed into standard sizes of toroidal cores,
could be put into use without the delay and expense in-
volved in modification of manufacturing plant facilities.
So far, experimental work has produced some promising
materials but, as of this writing, none suitable for use as
a direct replacement for permalloy.
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‘The story in Europe is quite different. There ferrites
are used for both voice and carrier frequency loading.
Circuit requirements, the state of .raw material supply,
present investment in manufacturing equipment, etc.,
have been just different enough in some cases to have
tipped the balance in favor of ferrites. The pot type
coils have been generally favored, and ingenious schemes
have been devised to insure the required balances. For
example, one such scheme, introduced by the Philips
Company, involves a mechanism for moving the wind-
ings axially within the pot structure, thus modifying the
lea]kage pattern and the resultant self inductances [12,
13].

NONLINEAR CoIL APPLICATIONS

It has previously been mentioned that the value of
ferrites as stable magnetic materials depends on using
them at relatively low flux density. Lately there has
been an increasing number of applications where the
value of the ferrites depends on their instability at
higher flux density, and, in fact, increasing attention is
being given to development of the so-called square loop
ferrites whose permeability is a critical function of their
magnetization [14, 15]. These materials are used for
modulators, magnetic amplifiers, memory devices, etc.
which are generically, but only incidentally, inductors,
as well as for control coils, whose design lies directly in
the inductor field.

Control coils are simply adjustable inductors whose
adjustment is effected by electrical rather than mechani-
cal means [16], usually as a function of variations jn
applied direct current. Magnetic amplifiers represent a
specialized use for such coils, but the application of more
immediate interest is in frequency control.

In essence a control coil consists of two windings, a
signal winding and a control winding, on a common core
structure. The signal winding, circuitwise, is to be con-
sidered as an inductor, having inductance, inductance
range, and Q requirements. It is usually part of a net-
work intended for frequency control, as in an oscillator,
or for frequency discrimination, as in a filter. The con-
trol winding carries a current whose instantaneous mag-
nitude determines the permeability of the core structure,
and hence the inductance of the signal winding. As in
a magnetic amplifier the variations in the control cur-
rent must be at a low rate compared to the signal fre-
quency.

Direct transfer of energy between the control and
signal windings must be avoided. This sometimes can be
done, although somewhat inefficiently, by the use of low
pass filtering in the control winding circuit and high pass
filtering in the circuit of the signal winding. More com-
monly, however, it is done by use of suitable core con-
figurations, three of which are shown in Fig. 9. In 9(a),
two cores are used and the windings poled so that the
net inductive coupling is zero. This sort of structure has
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the advantage of simplicity and can be balanced easily
by turns adjustment. Control coils of this type have
been on the market for several years. Design parameters
can be adjusted for use at audio frequencies or up to 10
me and higher. At the lower frequencies inductance
variations of several hundred to one are possible.

Coils depending on mutually orthogonal flux paths,
as shown in Fig. 9(b), have been used experimentally
but so far as is known to the authors they have not
found commercial application. They tend to be inflexible
from the design point of view because of the interde-
pendence between core and winding dimensions.

The style of control coil shown in Fig. 9(c), in which
separate structures are used for the control and signal
windings, provides the greatest design flexibility. It is
possible to choose core materials, and, to some extent,
their size and shape independently for the signal and
control windings.

The basic requirement for the signal winding core is
that its permeability be sensitive to flux level. This
property, and the need for a favorable uQ in the fre-
quency range of interest, will be factors in determining
which ferrite to use. Size and proportions of the signal
coil will be dependent on impedance and frequency re-
quirements. The desire, in general, will be to keep the
core structure as small as possible so as to increase its
sensitivity to the control flux. At higher frequencies
small size in the signal coil may also be advantageous in
reducing parasitic capacitance.

The requirements for the control winding core are
entirely different. Usually it will operate essentially
under de conditions. For sensitive control many ampere
turns may be required, necessitating large structures.
In the control winding there is little interest in the varia-
tion of permeability with flux level, providing the core
does not saturate. In some instances the control winding
core is a ferrite which may or may not be the same as
that in the signal winding. In other instances it has been
made up of silicon iron laminations.

The chief difficulty in the design of these coils has
been in insuring a high degree of balance of the control
winding flux in the signal winding core. This is done by
maintaining close symmetry in the latter and locating
it with care within the air gap.

The long range of inductance adjustment possible in
control coils may be taken advantage of directly for
some applications, or the control coil may be used in
series with a fixed coil where precise control is essential
but the range is not extensive. One such use is in the
regeneration of carrier frequency in a carrier telephone
television terminal. In this application a ferrite control
coil as part of a feedback system keeps a 4 mc carrier
generator synchronized with carrier frequency infor-
mation derived from the received signal [17].

Experimental control coils have been used at fre-
quencies up to 200 mc. With present ferrites, however,
both Q and adjustment range become restricted at fre-
quencies much over 10 mc.
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Fig. 9—Control coil design. Methods of avoiding coupling between
control and signal windings. (a) Balanced windings on two cores.
(b) Mutually perpendicular flux paths in common core. (c) Use
of separate core structures.
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CoNcLusION

In the not quite ten years since high permeability fer-
rites were announced they have largely usurped the
position of permalloy powders as the leading core
materials for transmission type inductors. Designers
have been quick to take advantage of their structural
adaptability and the possibilities they offer for mechani-
cal control of permeability. Currently manufactured
inductors attest to the improved performance that these
new dimensions in design can offer.

It is not unreasonable to suppose that the continuing
application of research to improvement of ferrites will
result in higher uQ at all frequencies and higher fre-
quencies of practical use. Nor should it be assumed that
the ultimate in coil design or ingenuity in coil applica-
tion has yet been observed. It is not reasonable to
predict ferrites for power applications in the near future
but in the transmission inductor field, for which they
are inherently suited, it is safe to expect a continuing
and profitable increase in their use.
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Electromechanical Filters for 100-Kc

Carrier and Sideband Selection®
R. W. GEORGEY, SENIOR MEMBER, IRE

Summary—A general discussion of a torsional type mechanical
filter and its termination by mechanical and electrical means is fol-
lowed by a detailed description of two 100-kc filters, one 50 cycles
wide and the other 3.1 ke wide.

The design, fabrication, and frequency adjustment of one-piece
multiple section filters is described. Frequency stability better than
2 parts per million per degree centigrade is obtained with filters con-
structed of the metal alloy Ni-Span-C.

Magnetostrictive ferrite and Ni-Span-C transducers resonant in
the longitudinal mode of vibration are attached tangentially to the
end resonators of the torsion filter. The filter is terminated by con-
verting the electrical resistance in low-Q input and output circuits to
mechanical damping. Responses due to spurious modes of vibration
in the filter are reduced by the use of a pair of transducers in a
balanced arrangement at each end of the filter, and by mechanical
damping in the end supports.

INTRODUCTION

of mechanically resonant elements mechanically

coupled together, is of particular interest in the
communications field because of the greatly increased
use of single sideband systems. Communications filters
must be accurately tuned and must have stable operat-
ing characteristics over a wide temperature range. Such
filters are rather difficult to make by the commonly
used method of assembling pretuned resonators and
couplers because of the consequent detuning of the
resonators and the mechanical imperfections in the
resonator to coupler joints. The one-piece neck type
torsional filter with quarter-wave couplers is not only
free of these difficulties but is mechanically rugged and
easy to tune.

The principles of electromechanical filters have been
fairly well established.!=® References mentioned here
are intended to furnish only a modest background for
the described filters. Many articles and books on the
related subject are available.

It is convenient to think of electromechanical filters
in terms of the component parts and their functions.
The mechanical filter determines the frequency response
characteristic. It is designed to have the required

THE electromechanical filter, employing a series

* Original manuscript received by the IRE, June 28, 1955; re-
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number of high-Q mechanical resonators and suitable
mechanical coupling elements between the resonators.
The design of the mechanical filter also determines the
amount of mechanical damping required in the end
resonators to properly terminate the filter.

Termination is a matter of introducing the required
mechanical loss, or damping, in the end resonators. This
is accomplished by the use of mechanically lossy ma-
terials, and/or by conversion of electrical damping to
mechanical damping in the electromechanical coupling
system.

The electromechanical coupling system provides the
means for electrical input and output of the mechanical
filter. It can also be made to supply all of the required
mechanical termination damping when the electro-
mechanical coupling coefficient is sufficiently high. In
this case, the output/input voltage ratio approaches
unity for equal input and output impedances.

(b)

Fig. 1—(a) A neck type mechanical filter using half-wave cylindrical
resonators, 1, coupled together by quarter-wave necks, 2. The
quarter-wave neck extensions and slugs, 3, are for support of the
filter. (b) Two resonators coupled together by a multiple coupler
to give a very small coupling coefficient.

The TorsioNAL MEcHANICAL FILTER

The neck type mechanical filter shown in Fig. 1(a)
is the type used in the carrier and sideband filters. It is
most practical when operated in the torsional mode. A
brief description including some physical characteristics
which contribute to mechanical simplicity, strength,
stability, and accurate tuning follows. Each large cylin-
der is a half-wave long resonator tuned to the midband
frequency of the filter. Resonator vibration is such that
at resonance, one end vibrates in rotation about the
axis in the opposite direction to the vibration of the oth-
er end. The smaller diameter quarter-wave long sections
are the couplers or coupling necks.

The coupler length, and the ratio of the coupler neck
diameter to the resonator diameter, determine the frac-
tional bandwidth or coefficient of coupling between
resonators. A quarter-wave coupler in a given filter has
the largest diameter which can be used to obtain the
desired coupling coefficient. The length of the quarter-
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wave coupler is not too critical and therefore requires
no adjustment. The coupling coefficient between resona-
tors is nearly proportional to the 4th power of the ratio
of neck diameter to resonator diameter.

It is a relatively simple matter to tune a resonator to
a desired frequency when its resonant frequency can be
measured. The frequency is raised by removing material
from the ends of the resonator cylinder, and lowered
by removing material from a narrow band around the
center of the cylinder. The resonator should be resonant
at the midband frequency of the filter when it is sup-
ported by quarter-wave necks anchored at their far
ends. Torsional resonators can be effectively anchored
or detuned by clamps. This makes it possible to isolate
any resonator in the filter and accurately measure its
resonant frequency after clamping the adjacent resona-
tors. One-piece construction of a series of torsional res-
onators and couplers is thus feasible because the res-
onators can be accurately tuned after fabrication.

Very small coupling coefficients, such as are required
in the carrier filter, can be obtained by the use of the
multiple coupler without making the coupling necks im-
practically small in diameter. The multiple coupler
Fig. 1(b), in its simplest form, uses two quarter-wave
necks separated by a quarter-wave slug.

The mechanical filter is made with quarter-wave
neck extensions and end slugs for mounting. The
mounting anchors the extreme ends of the necks, thus
isolating the filter from its supports.

MECHANICAL FILTER MATERIAL

The iron-nickel-chromium-titanium alloy known as
Ni-Span-C¢ appears to be one of the most practical
materials available” for use in mechanical filters. It
can be processed by heat treatment to have a nearly
zero thermoelastic coefficient which imparts an equally
low frequency-temperature coefficient to the filter. The
most satisfactory results have been obtained by solu-
tion-annealing the material before heat treating. The
material is sensitive to cold working and this must be
avoided after the solution anneal. Heat treatment time
and temperature must be determined experimentally
for each batch.

Ni-Span-C has good mechanical properties including
a mechanical Q of about 16,000. As usual with nickel
alloys, Ni-Span-C is so difficult to machine that grind-
ing is usually preferred to cutting.

Resonators made of Ni-Span-C, can be magnetostric-
tively excited. This provides a very convenient aid in
measuring the resonant frequency.

ELECTROMECHANICAL TRANSDUCERS

The electromechanical transducers should preferably
be the end resonators of the filter and therefore should
have good frequency stability. End resonators of Ni-

8 Ni-Span-C, reg. trade mark of the International Nickel Co.
” Ni-Span-C can be obtained from The H. A. Wilson Company,
Union, N. J.
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Span-C may be used as the magnetostrictive trans-
ducers but in general their high eddy current loss re-
sults in a low electromechanical coupling coefficient
which usually prohibits the use of electrical termination.

A composite end-resonator can be made which in-
cludes the original high Q end resonator and an attached
clectromechanical transducer. One method of doing this
is to tune a half-wave longitudinal mode transducer to
the midband frequency, and attach one end tangentially
to one end of a torsional resonator. Mechanical damping
which the transducer derives from the terminal electrical
circuits is shared by the composite resonator. Damping
to terminate the filter can be obtained in this manner
if the electromechanical coupling coefficient is sufficient-
ly high. The tuned input and output circuits have
relatively low Q and therefore provide a wide-band
clectrical termination.

The magnetostrictive ferrites® have negligible eddy
current loss and can have an electromechanical coupling
coefficient, Ku, of 15 per cent to 20 per cent with suita-
ble coils. These ferrites can be made to have substantial-
ly constant K. over a wide temperature range, and a
mechanical frequency-temperature coefficient of 20
parts per million per degree centigrade or less. Such
ferrites are practical for use as resonant transducers in
a wide-band termination system.

The manner in which the transducers are applied
to the filter should be such as to minimize the possible
excitation of undesired modes of mechanical vibration
in the filter. The excitation of bending modes, which
are likely to be the most objectionable ones in a torsion
filter, can be reduced by the use of a pair of trans-
ducers in a balanced arrangement.

MecHANICAL FILTER DESIGN

Methods of calculating the required coupling co-
efficients to obtain maximum band-edge attenuation for
a given amplitude of ripple ir the pass band have been
greatly simplified®!® and are applicable to the design
of a mechanical filter. The coupling coefficients are all
different from an end to the center of a symmetrical
filter and the differences become smaller near the center.
In practice it is necessary to make some compromise of
the exact coupling coefficients because of the difficulty
and cost of making the coupling neck diameters different
and to very close dimensional tolerances.

The simplest filter design, sometimes called the Camp-
bell type, has uniform coupling coefficients except at the
ends. It is used here because of its mechanical simplicity.
One objection to this type of filter is that it is difficult
to obtain the proper characteristics in the termination
which are required to give flat response in the pass

8R. L. Harvey, “Ferrites and their properties at radio fre-
quencies,” Proc. NEC, vol. 9, pp. 287-298; February, 1954.

® M. Dishal, “Design of band-pass filters producing desired exact
amplitude-frequency characteristics,” Proc. IRE, vol. 37, pp. 1050-
1069; September, 1949,

1 M. Dishal, “Two new equations for the design of filters,” Elec.
Commun., vol. 30, pp. 324—3?]; December, 1953.
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band. A comprontise termination is practical, however,
and can give as little as 10 or 15 per cent output varia-
tion in pass band with excellent band-edge attenuation.

A series of 9 coupled resonators is depicted in Fig. 2.

K.z K23 K34 Kes Keg Kz Krg Koo
p— p— N

Fig. 2—The general case of a filter having a number of very high-Q
resonant elements all tuned to the same frequency and having
coupling coefficients, K, between adjacent resonant elements.

The fractional-bandwidth, B, of the filter is equal to
twice the coupling coefficient, K, between a pair of
interior resonators.

B .
=Ky Kis )
2

Kia = Ksg_o = i (2)
1—2 = Rg-9 \/—2-

The mechanical design of the filter is based on work
done at RCA Laboratories.? The following simplified
formulas have been found satisfactory for general use.

The mechanical design to obtain the desired coupling
coefficients using quarter-wave couplers is based on

K = —2— ¢(1 _2 3
T 2

When the resonators are a half-wave long and of

equal diameter, made of the same material as the coup-

ling necks, and are operating in torsion, the value of

¢ is simply related to the resonator and neck diameters.

dr
¢ = -15'4 :
d. = diameter of coupler

D = diameter of resonator. 4)

A more general expression which can be reduced to
the above is

¢ Ve | (5)
WAW

Kinetic energy of a quarter-wave cou-

|

pling neck calculated as if rigid.
W, and W, = respective kinetic energies of the cou-

pled resonators.

The simple multiple coupler which uses two quarter-
wave necks separated by a quarter-wave slug having
the same diameter as the resonators, Fig. 1(b), is de-
signed from the above equations with the exception of
(3), which is replaced by

2
Kd=__¢2<1_i>. (6)
T 2

K4 = Coupling coefficient for double coupler.
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The damping, d, required in the end resonators for
termination of the Campbell type filter is not a constant
value over the pass band. A practical compromise is
used here.

>~ K. ,=.7B ¢))

= O of end resonator. (®)

al - A

ELECTRICAL TERMINATION

The mechanical damping required in the end resona-
tor of the filter is obtained from the damping in the
attached transducer. The transducer in turn receives
its damping from the electrical tuned circuit to which it
is coupled. The transducer should be large enough so
that the required damping can be obtained. The inher-
ent mechanical damping in the original end resonator
is so small that it can be neglected.

The damping, d, required in the transducer, is calcu-
lated as though the transducer were isolated from the
filter.

dt = (—uf— + 1) d. (9)
W

¢
d = Damping in the original end resonator to termi-
minate the filter
W,
W,

The mechanical damping in the transducer, which is
obtained from the coupled electrical circuit, is given
approximately by

dt = Kem2Q

K.n = Electromechanical coupling coefficient

Kinetic energy of original end resonator

Kinetic energy of transducer.

(10)

Q = Q of the input and output circuits.

The most uniform value of damping is had in the
pass band when

KemQ = 1. (1)

Tue Narrow-Banp 100-Kc CARRIER FILTER

An example of a 100-kc carrier filter is shown in
Fig. 3. This uses 5 half-wave torsion resonators with
double-couplers of quarter-wave elements. The mechani-
cal filter was made from a rod of Ni-Span-C on which
the coupling necks were ground to the desired diameter.
The grinding wheel was dressed in width to cut the
required A\/4 neck length.

The coupling design is of the Campbell type with B
taken as 0.0005. The measured bandwidth shown in the
frequency response curve, Fig. 4, is in good agreement
with the design. A bandwidth of less than 25 cycles is
equally practical and has been obtained in other experi-
mental models.

The following dimensions of the resonators and cou-
plers will be of interest:
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Fig. 3—100-kc carrier filter.

0.240 inch +£0.0002 inch
0.570 inch +£0.001 inch
0.090 inch 40.0005 inch
0.094 inch +0.0005 inch
0.285 inch+0.001 inch

Resonator and coupler slug diameter
Resonator length, \/2

Coupler neck diameter for K =B/2
Coupler neck diameter for K =B/+"2
Coupler neck and slug length, \/4

A small fillet between coupler neck and resonator is not
objectionable.

The resonators were tuned to 100-kc plus or minus
one cycle. This accuracy is not difficult to achieve but
of course does take some care. The resonant frequency
of a resonator can be measured accurately with a suit-
able signal generator, bridge circuit, and events-per-
unit-time counter. The resonator is excited magneto-
strictively in torsion when placed in a coil in one arm of
the bridge. Satisfactory residual magnetic bias is had by
passing a few amperes axially through the filter for an
instant. The resonant frequency is increased 15 to 20
cycles with maximum residual magnetic bias; there-
fore, it is necessary to use uniform bias when making
frequency measurements. The residual circular bias is
subject to partial loss during the tuning operation or
when subjected to a strong rf field. Satisfactory results
have been had by using the minimum bias which will
give a suitable output of the bridge. One way to get
this weak bias is to first magnetize with dc, then par-
tially demagnetize by passing filter through an ac coil.

The small coupling coefficient in the filter makes it
easy to detune the adjacent resonators by clamps in
order to isolate the resonator under test. All resonators
are tuned before attaching the transducers.

The magnetostrictive transducers, which are shown in
the schematic diagram, Fig. 5, were made of 0.015-
inch diameter Ni-Span-C wire. The result as shown in
Fig. 4 was less electromechanical coupling than required
for the best termination of the filter; however, this re-
sponse characteristic is considered suitable for carrier
separation. The transducers were tuned to within about
50 cycles of 100 kc before being spot-welded to the end
resonators of the filter. Final frequency check and tun-
ing of end resonators was made after adding transducers.
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Fig. 4—100-kc carrier filter, output vs frequency for 1 volt input.
Dashed curve shows response at 22°C. above room temperature.
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Fig. 5—Schematic diagram of carrier filter using multiple couplers
and balanced magnetostrictive longitudinal transducers.

The input and output circuits, Fig. 5, are tuned for
maximum output at 100 kc. The two coils coupled to a
pair of transducers are connected to produce opposing
fileds so that with common magnetic bias from the near-
by permanent magnet, one transducer becomes longer
while the other becomes shorter, thus energizing the
torsion resonator with minimum bending. The stray
field of a pair of coils connected in this manner is so
small that no special shielding is required to keep the
the stray input-output coupling to a very low value.
The position of the small alnico bias magnet was ad-
justed for maximum output. The input circuit is ar-
ranged to give some voltage step-up from a 500-ohm
source such as a cathode follower.

The filter is securely clamped in the end supports with
one end grounded. One or both of these clamps may in-
clude a plastic bushing to give some damping of bending
modes if necessary. Spurious responses in this filter are
few and usually not objectionable.
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Fig. 6—100-kc upper sideband filter.

The support near the center (Fig. 3) makes the as-
sembly better able to withstand shock. It has a nylon
bushing with an inner ridge about 1/32 inch wide in close
contact with one of the coupler slugs. Coupler slugs can be
touched without detuning the filter buta heavily damped
slug adds appreciable mechanical transmission loss.

These filters have an output impedance of approxi-
mately 5,000 ohms. With an equal input impedance,
the input/output voltage ratio is approximately 3.
A 500-ohm input source to the circuit shown in Fig. 5
gives an input/output voltage ratio of 1.4. The peak to
valley ratio is 1.4 at 28°C.and 1.5 at 50°C. The shape
factor is approximately 2.6.

THE SIDEBAND FILTER

One of the sideband filters, electrically terminated
with broad-band tuned circuits is shown in Fig. 6.
This has 9 torsional resonators with Campbell type
coupling coefficients. The filter was designed using a
value of 0.031 for B which gave the corresponding band-
width shown in Fig. 7. A pair of magnetostrictive ferrite
transducers is used on each end resonator. The resona-
tors were tuned to the midband frequency of 101,800
cvcles plus or minus 10 cycles.

Damping is obtained from the end tuned circuits
which, with the added resistors, have a Q of about 3.
The electromechanical coupling coefficient to the fer-
rites is about 0.19. The pair of tranducers has about §
the kinetic energy of the end resonator and therefore
requires a mechanical damping, dy, of about 9 times the
damping required in the composite end resonator.

Two of these filters were made and found to have sub-
stantially identical characteristics. The frequency tem-
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Fig. 7—100-kc sideband filter output vs frequency for 1 volt input.

perature coefficient was less than 2 parts per million
per degree centigrade. The input, and output, impe-
dance of these filters was approximately 4,500 ohms. The
input/output voltage ratio was 1.14 at 24°C. and 1.19
at 74°C. At both temperatures, the maximum to mini-
mum amplitude variation in the passband was 1.14
and the shape factor was 1.55. The frequency shift of
the band edges was less than 10 cycles.

The excellent stability of the electrical termination
at different temperatures was due to the favorable char-
acteristics of the magnetostrictive ferrites which were
made especially for this purpose. During the develop-
ment of these ferrites which were of the equimolar iron-
nickel type,? it was found necessary to reduce the cobalt
impurity content to 0.003 per cent or less in order to
obtain the desired stability with varying temperature.
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New Microwave Repeater System Using
Traveling-Wave Tubes”

N. SAWAZAKIY, ASSOCIATE MEMBER, IRE, AND T. HONMA?

Summary—This paper describes a new microwave relaying sys-
tem using traveling-wave tubes (TWT), and utilizing its large inher-
ent frequency bandwidth. In this system, the increased gain is ob-
tained by amplifying the input signal through the TWT Amplifier,
and reamplifying it in the same TWTA after heterodyning the fre-
quency to the second frequency. The signal received could be ampli-
fied in the same TWTA more than once simultaneously, and the gain
of the TWTA would be increased in proportion to the amplifying
times.

A 4,000-mc band television repeater using three TWT’s, and its
measured results are also described; we obtain the results that the
over-all gain is above 100 db and is steady within +0.5 db with the
frequency bandwidth of 20 mc, and also, the noise figure is below 15
db. The actual test was carried out by putting the equipment in the
TV long-distance relay line as a repeater. From this test it was proved
that there is no defect of the operation of the amplifier in using TWT
as a reflex amplifier. In this new system, the number of TWT’s can
be reduced one-half to one-third and the cost of a repeater with in-
creased reliability can be lowered.

INTRODUCTION

OR a microwave relay system, the heterodyne
Ftype which uses intermediate amplifiers, such as

the TD-2 system in the United States, has chiefly
been used up to the present. In Japan, the development
of such repeaters has been conducted actively in several
places. The authors continued the research of the all-
traveling-wave-tubes amplifier-type repeater in cooper-
ation with the engineers of the Broadcasting Corpora-
tion of Japan (N.H.K.) from 1951 to 1953, after the
completion of the heterodyne-type TV relay system, and
obtained satisfactory results during practical use at the
Hakone TV relay station. This system has many supe-
rior characteristics compared with the heterodyne type
system: simplification of equipment by decreasing the
number of tubes, improved S/N characteristics owing to
the progress of the low-noise traveling-wave tube, and
ease of maintenance due to eliminating such complicated
parts as IF amplifiers, microwave oscillators, and AFC
circuits.

It is possible to obtain another relaying system by
taking advantage of the wide-band characteristic of the
traveling-wave tube (TWT). The authors obtained
satisfactory results in experiments applying this prin-
ciple. One method is to relay not only one radio channel
as conventionally used, but several channels simultane-
ously with the same TWT amplifier, and by this prin-
ciple a TWT is used commonly for a local oscillator tube
and an amplifier tube in a heterodyne type repeater.

In these applications, the repeater which amplifies
the east-bound and west-bound channels with the same
repeater has been completed by the joint research of

* Original manuscript received by the IRE, June 7, 1955.
t Matsuda Research Lab., Tokyo Shibaura Elec. Co., Ltd..
Kawasaki, Japan.

Tokyo Shibaura Electric Co. and N.H.K., for the
use of TV relay equipment at the Hakone Relay Sta-
tion. The testing of this set could not be performed
because of the frequency allocation, though the remark-
able results of this two-direction repeater were obtained
in the room test. This repeater has practical use as a
one-direction repeater.

The system mentioned in this paper is a new system
designed for a one-direction, one-channel repeater by
applying the wide-band characteristic of the TWT, and
reducing the number of TWT’s. In previous TWT re-
peaters, [1] seven stages of TWT’s were used in series;
in this new system the number of TWT's can be reduced
one-half to one-third, which lowers the cost of a repeater,
at the same time giving increased reliability. An im-
proved version of this new system is also described in
this paper.

Basic PRINCIPLE OF THE NEW SysTEM [2]

This new system can be called a reflex system which
is applied to TWT amplifiers. Its principle is similar to
the reflex-type receiver in broadcasting band because
the same tubes are commonly used for radio frequency
and audio frequency amplifiers. This reflex system util-
izes certain special features: the TWT amplifier has a
much wider frequency band compared with other types
of amplifiers; in microwave systems the sending and re-
ceiving carriers are diffefent in frequencies, and signals
are frequency-modulated waves.

The increased gain is obtained by passing the re-
ceived signal through the TWT amplifier, heterodyned
by the crystal mixer to the second frequency, and re-
amplifying by the same TWT amplifier. If more gain is
necessary, the output signal is heterodyned by the
second mixer to the third frequency and reapplied to the
input of the same TWT amplifier. Thus the signal is
amplified three times by the same TWT amplifier. By
using this method, multiplied gain will be two or three
times more than that of the straight amplifier with the
same TWT’s. In Fig. 1, the schematic diagram of the
4,000-mc band reflex-type repeater with three-times
amplification by the same TWT amplifier and its equiv-
alent circuit is shown.

This repeater was designed on the following basis:

Frequency of the input signal 4,045 mc
Frequency of the output signal 4,000 mc
Frequency bandwidth 20 mc
Total gain 100 db.

In Fig. 1, the received 4,045 mc signal is applied
through the 4,045-mc band-pass filter, BPF (1), located
at the input side of the amplifier through the TWT’s
No. 1, No. 2, and No. 3. Amplified 4,045-mc signal from
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Fig. 1—Sematic and equivalent circuit of the reflex amplifier.

the output circuit is applied through the 4,045 mc
BPF (2) to the crystal mixer (1), where the signal is con-
verted to 3,910-mc signal using 135-mc local oscillator,
and the 4,000-mc signal is also applied through the
BPF (5) to the input of the TWT amplifier. Then the
final amplified 4,000-mc signal by the same TWTs 1s
transmitted through the 4,000-mc BPF (6) located at
the output side. TWT amplifies the signal three times at
three different frequencies; therefore, a total gain pro-
portional to the multiple of the amplified times is ob-
tained. The over-all gain G in the equivalent circuit
may be written as

G =3(g1+ g2+ gs) — (L, + Lu,)
- (LFl + LF: + t + LF:)(db)v

where g1, g2, g; are gains of TWT’s No. 1, No. 2, and
No. 3, LM,, LM, are conversion losses of crystal mixers
No.1and No. 2. LF,, LF,, - - - , LFzare insertion losses
of the BPF (1), (2) - - - (6).

In the case of practical design, conversion loss of a
crystal mixer and insertion loss of a band-pass filter
composed of three sections are below 15 db. Additional
loss in the reflex system as compared with the straight-
amplifier system is shown by the sum of the losses of the
additional parts for reflex use; these parts are one mixer
and three band-pass filters. This loss will be below 20 db,
and there are other decreasing factors of gain G caused
by the saturation effect of the tubes in high-level input,
so that G is nearly equal to that loss of the seven-stages
straight amplifier; however, in this three-times reflex
system three tubes are used.

Using this technique, many other applications requir-
ing high-gain microwave amplifiers can also be made.
The case of Fig. 1 is a relay of 100-km span at 4,000 mc.
In the case of 50-km span with 80-db over-all gain, for

example, the TD-2 link which is shown in Fig. 2 can be
used. Those are examples of a one-time reflex using
three tubes and a two-times reflex using two TWT’s.

- ‘f. 3 1
b it FL-BP & FL-BP
4 f, *3
E'BP 5 @ FL-BP$ "'-—mﬂixtr FL-8P]
5 1 ~
¢ FL-8p—{Mixer — FL-BP|-9
fa %,
& FL-8P Nixui

—&—E—

Fig. 2—Examples of the other type reflex amplifier.

THE PRELIMINARY EXPERIMENTS OF THE
REFLEX-TYPE AMPLIFIER

The characteristic of very large inherent bandwidth
of the TWT is well-known, but the problems of stability,
noise, distortion, gain, etc., when two or three signals
are applied together to a TWT amplifier simultaneously,
have not been clarified. The characteristics of TWT's
cannot be calculated simply, so preliminary experiments
have been carried out to learn the characteristics.

Examination of Problems on the TWT Amplifier When
Two Signals Are Applied Simultaneously

When reflex amplifying, the signals are applied to
the TWT amplifiers in different frequency ranges, are
delayed by turns each time, and at the last time are at
highest level. On the other hand, the TWT amplifier de-
creases its gain at high input level, so that output power
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is constant to some certain input level; then power out-
put decreases when input gets too high. The influences
of the last-time high-level signal over gain of first- and
second-time signal amplification are considered.
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Fig. 3—Gain characteristics of TWTA when two signals are applied
simultaneously. (a) Measuring circuit, (b) Gain characteristics of
TWTA, (c) Output characteristics of each ampere stage.

Fig. 3 shows the gain characteristics of the three-
stage TWT amplifier when two signals, differing in am-
plitude levels, are applied simultaneously. These char-
acteristics are obtained by keeping the low-level 4,045-
mc input at —50 dbm constant and by varying the
4,000-mc input signal from —50 dbm to —10 dbm. In
these results, gain limitations of the TWT by saturation
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begin to appear when the 4,000-mc signal level is about
—30 to —20 dbm, and when the 4,000-mc signal level
is more increased, the output power becomes nearly
constant; then, the gain of the tubes decreases, as shown
in Fig. 3. It also shows that the gain of the 4,045-mc
signal varies equally as much as the gain of the 4,000-
mc signal. These results prove the wide-range gain-
control action in reflex amplifier, due to their power
saturation, but, on the other hand, it shows that there
is a possibility of oscillation or distortion if the ampli-
fier is used under conditions of heavy saturation.

Crosstalk and Noise Due to Amplifying Two Signals
Simultaneously

The experimental results of the crosstalk and noise
due to amplifying the high-level fm signal and low-level
fm signal simultaneously are shown in Fig. 4. This ex-
periment has also been done, as similarly described
above; that is, the 4,045-mc fm signal was kept constant
at —40 dbm and the added 4,000-mc signal was varied
from —50 to 0 dbm. [t seemns, as a result, that there
were no interactions between signals in the range of weak
signal input below —20 dbm, where there is no satura-
tion; however, when the input became above —10 dbm,
both S/N and crosstalk became worse according to the
conspicuous tube saturation. In reflex amplification, this
crosstalk change is due to signal distortion.

vy
< |
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Fig. 4—Crosstalk and S/N when two signals
are applied to the TWTA.

From these results with the reflex system, a good
S/N ratio and small distortion like this in the cascade
TWT repeater system can be expected, as far as the re-
flex amplifier works in the unsaturated region.

REFLEX-TYPE ALL-TWT REPEATER

After preliminary experiments above, reflex-type trial
repeater was planned for use of television relay.

Specifications

Characteristic requirements for trial repeater were
the same as of television repeaters stationed in span
length of 100 km with 40-db gain paraboloids in Tokyo-
Nagoya-Osaka links by N.H.K., and specifications were:



22

4,045 mc

4,000 mc

above 3 watts (within
the input level —60
to —30 dbm)

above 90 db

410 mc (3 db down)
below 15 db.

Input carrier frequency
Output carrier frequency
Output power

Over-all gain
Frequency bandwidth
Noise figure
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Fig. 6—Outside view of the reflex-type repeater.

Outline of the Repeater

As shown in the block diagram, Fig. 5, and photo-
graph, Fig. 6, this repeater provides three traveling-
wave tubes and the first two tubes V; and V; act as a
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two-time reflex-type amplifier; the last tube, Vj, is
driven by this reflex output. 4W10, especially designed
for low-noise TWT, is used for V;, and 4W12, designed
for power tubes, is used for V, and V. The scheme works
as follows.

Input 4,045-mc signal is applied to input side 4,045-
mc BPF, and the signal amplified in V; and V, is ap-
plied through a branching circuit and 4,045-mc BPF to
the mixer, where the signal is mixed with 135-mc local os-
cillator output. The 3,910-mc signal output from this
mixer is reapplied through the 3,910-mc BPF, and the
branching circuit to the same TWT amplifiers. The sig-
nal is amplified again, and the same process is repeated;
then, the 3,910-mc signal frequency is shifted to 4,000
mc by mixing with the output of the 90-mc local oscil-
lator. Finally the 4,000-mc signal amplified with V; and
Vi is applied through BPF to last tube V, (4W12). -

The agc action-reflex amplifier with TWT’s has a
good characteristic, but to avoid distortion due to its
strong saturation, agc circuit is provided with constant
output power for —60 to —30 dbm input level range.

135-mc and 90-mc local frequencies are those multi-
plied from the main crystal oscillator of 5,625 mc.

For a microwave circuit in the reflex section, wave-
guide-type band-pass filters (Q=2100), Y-type branch-
ing waveguides, and phase shifters are used in Fig. 5.

”L B §w/0
“% . ] “we/
v ——io—

Fig. 7—Used traveling-wave tubes.

Traveling-Wave Tubes

Traveling-wave tubes used in this system, and their
characteristics, are in Fig. 7 and Table I, p. 23. At the
beginning, this system had been designed to use volt-
age-amplifier tube 4W11 for the second stage of the re-
flex section, but the design was changed to use power-
amplifier tube 4W12 in order to decrease a variety of
tubes and distortion due to the saturation effect in the
reflex section.

Over-all Characteristics

Gain Characteristics: Fig. 8 shows the results of the
gain measurements of the TWT amplifier acting as a
straight-through amplifier, one-time reflex amplifier,
and two-times reflex amplifier. For the gain measure-
ments of the straight amplifier, two local oscillators and
input side 4,045-mc BPF were removed, and 4,000-mc
signal applied to the input. For the gain measurements
of the one-time reflex amplifier, 135-mc local oscillator



1956 Sawazaki and Honma: Traveling-Wave-Tube Repeater System 23
TABLE 1
TWT's For 4,000-Mc Banp
o | : t i Ex.: :|: Helix Collector | I ]
| eater dimension l Freq.| Ist 2nd Out- | Gain Noise | - .1 Mag.
i - —| Base | range | anode | anode (pl}[l/t) (db) Fllg) T (ﬁeld)
. ength| diam. (Mec.) v QD) « gauss
t V4 | 'mm | mm. ! | 4 \ mA v | m4 ‘
W10 | 6.3 0.6 555 | 38 | Octal | 3500- | 100- 150- | 1000 | — 1000 0.5 — | 15 | 15 100
(7810) | l | 1300 250 i 5 ’ ; , ]
Wil | 6.3/ 0.3 sl sss | 38 | uy | 3s00- | | — l1s00| 0.5 [1500 4.0 [0.36| 26 | — |forced | 400
(7811) | | , | 4300 | ' ! air
W12 » 0.6| 555 | 38 | UY | 3500 2150 | 5.0 | 2150 | 28.0 | 3.5 | 17 | — | foreal | 400
(7817) 1300 i air |
120
! 3| :
oo Twot{mes refiex Awp. AGC
‘ | \4\ 30 on.
2 w 1 N 5 | /\
T One Time Veﬂel Aep) -_'g 25 AQC JL ]
o3 . NG = / o4
s 60 . t \ —H -
s \ | _stetight At N S20 |
g0
ol ANAN, NS \
| NN Y O .
4 | l
2
fxo -0  -60 -5 -40 -36 -20 -0 o (0 | | | |
“n?d ;"\ dbm -80 —’]0 -bo ."9 ~45 ‘30 -20 —le /]
ln‘m‘( in dbm
40 L | . ..
Fig. 9—Input power to output power characteristics.
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4"‘5"‘:’1"”"“ onectime s‘f*':“;:: TWT amplifier, there were four Y-type branching wave-
Twolimes Yo bex "*L‘,!l Amp, guides, two mixers and four BPFs in this circuit, and
30 Awp. the total loss of one return was about 16 db. The results
\ obtained by experiments above were 51 db, 74 db, and
100 db respectively, as shown in the figure, and these
3 data were very close to what we expected.
o B 1 \ AGC: Fig. 9 shows the input power to output power
= 20 ) characteristics, when input level was increased grad-
é— ually in the condition of agc off. The power output
3 began to decrease from —40 dbm input level. With the
i \ agc circuit on, the output power was kept constant
wol— / above 3 watts over the —60 to —20 dbm input range.
4 / Automatic gain control was achieved in the following
} manner. First, part of the power output from the reflex
section was rectified by a crystal detector, and the recti-
fied direct current was applied to a magnetic dc ampli-
) ~ 0 fier. The conversion loss of the crystal mixer, and ac-
30 o 60 _.bo o e e ° cordingly the gain of the ampliﬁerywere varied by the
”’\Pll't in dhm ]

Fig. 8—Over-all gain characteristics of the reflex amplifiers.

and input side 4,045 mc BPF were removed, and 3,910-
mc signal was applied to the input. For the two-times re-
flex amplifier, the system worked as shown in Fig. §, and
the gain measured in the last case was the repeater.
Measured Loss in a Feedback Circuit. From the output
circuit of the TWT amplifier to the input circuit of the

output voltage of the magnetic amplifier, which varied
the local oscillator strength.

Noise Figure. Over-all noise figure of about 14-5 db
was obtained with a noise generator or microwave signal
generator method. Comparing this value with that of
straight amplifier in using the same tube, the same value
was obtained, considering the loss of the input side band-
pass filter and branching circuit. Therefore, it seems
there was no worse effect in either reflexing method.
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Over-all Frequency Characteristic and the Transient
Characteristics: Over-all frequency characteristic may
be affected by the characteristics of the branching cir-
cuits, band-pass filters, crystal mixers and coupling
systems of traveling-wave tubes. But the power gain
obtained from the actual equipment was steady within
+0.5 db with the frequency band of 20 mc, as shown in
Fig. 10.
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Fig. 10—Over-all frequency characteristic.

Concerning the distortion by phase delay, transient
response characteristics were tested for signals of rec-
tangular frequency-modulated wave with build-up times
of about 0.05 microsecond, and there was no perceptible
difference in the waveform between the input and the
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output of the equipment. Also an actual test was carried
out by putting the equipment in the television long-
distance relay line as a repeater. The television pictures
relayed by it were good and stable.

From these experiments, we can conclude that, as for
distortions owing to reflex amplifying, they do not
affect the operation of amplifiers to the use of traveling-
wave tubes as reflex amplifiers.

CONCLUSION

The main purpose of using traveling-wave tubes as
reflex amplifiers is to simplify the construction of re-
peaters and, as a result, to decrease maintenance ex-
pense without sacrificing operating characteristics of
repeaters.
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Geophysical Prospection of Underground Water in the
Desert by Means of Electromagnetic
Interference Fringes®
M. A. H. EL-SAIDfY, SENIOR MEMBER, IRE

Summary—This paper introduces the principles and techniques
of underground water prospection in the desert by means of electro-
magnetic interference fringes.

Part I formulates the “Variable Frequency Interference Method”
while Part II deals with the “Variable Distance Interference Meth-
od.” Samples of interference patterns obtained at two places in the
Egyptian deserts are shown. The water table at one of these places is
known from actual boring.

Interpretation of the interference patterns and the proposed
method of calculation of the water table depend upon a knowledge
of the average dielectric constant of the propagational medium to-

* Original manuscript received by the IRE, January 14, 1955;
revised manuscript received, July 18, 1955. .

t Assistant Professor of Radio Engineering, Faculty of Engineer-
ing, Cairo University, Egypt.

gether with a single interference pattern determined by either of the
methods in Part I or Part II. A good degree of agreement existed
between the derived results and the actual water table.

INTRODUCTION

HE METHOD of electromagnetic interference
fringes has long been known and was used in the
early measurements for the determination of the
height of the ionosphere.! It was proposed? to the Nation-
al Research Council of Egypt for the geophysical pros-
pection of underground water in the Egyptian deserts.
1 E. V. Appleton and M. A. S. Barnett, Nature, vol. 115, p. 333;

1925.
* See Acknowledgments.
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The method consists principally of diffusing electro-
magnetic energy into the underground medium and the
surface by means of a continuous wave transmitter
having its antenna laid on the ground surface. A suitable
radio receiver is placed at a known distance from the
transmitter and has its antenna similarly laid on the
ground surface for the measurement of field strength.
In the presence of an underground reflecting medium
such as a water layer, the wave that has traveled into
the ground will be reflected back to the surface. The
field strength at any point on the surface will therefore
be the resultant of at least two components: one caused
by the surface wave, and the other by the underground
reflected wave. Owing to the fact that the two waves
may travel with different velocities but on the same
path length, or on different path lengths but with the
same velocities, or a combination of both effects, they
arrive at the receiver with a phase retardation difference.
Choosing conditions such that the two waves are of the
same order of intensity, and the frequency at the trans-
mitter is varied slowly through a suitable range, the
resultant field strength will undergo maxima and minima
at a regular period as shown in Fig. 1(a). Also, if the
transmitter frequency is kept fixed while the distance
from the transmitter is varied over a suitable range, the
resultant field strength at the moving receiver will
diminish with increasing distance but will also undergo
maxima and minima as shown in Fig. 1(b). In both
cases, the maxima and minima will always be present
and correspond to the two waves becoming in-phase and
out-of-phase. The only question is the useful operating
range which makes the two waves of the same order of
magnitude, enabling easier detection of interference
fringes. These fringes are hereby utilized first, to indi-
cate existence of an underground water layer; and sec-
ond, to determine its depth from ground surface.

THE VARIABLE FREQUENCY METHOD

Referring to Fig. 1(c), let T be a transmitter and R
a receiver, both situated on the ground at a distance d
apart. Also, let there be an underground water layer at
a depth & from the surface. Assuming that:

1. The receiver and the underground water layer
are both in the so-called “far zone” of the transmitter.

2. The ratio of the intensities of the surface wave to
the underground reflected wave is independent of fre-
quency over some applicable frequency range.

3. The underground medium is homogeneous and
the dielectric constant the same throughout.

4. The angle of incidence is greater than the angle
of total reflection for various rock couples so that par-
tial reflections from any layer other than the desired
one are largely suppressed.

5. The underground water surface acts as a perfect
reflector and the path length is independent of fre-
quency over some applicable frequency range.

6. There are no multiple reflections; i.e., more than
one hop.

Considering Fig. 1(c), and noting that the under-
ground reflected ray undergoes a 180-degree phase shift
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Fig. 1—Simplified interference patterns: (a) field strength vs fre-
quency; (b) field strength vs distance; (c) dimensions in the plane
of incidence.

at reflecting surface, interference fringes are given:

D d n )
Vg U, B 2f
where
n=0, 2,4, ..., for minima
=1,3,5, - - -, for maxima.

D =4+/d*44h? is the distance traveled by the under-
ground wave
v, =the velocity of the underground wave
=¢//pe=c/+/¢ for a nonmagnetic medium
¢=velocity of light
e=relative dielectric constant of the underground
medium
v, =velocity of surface wave =ac where «a is a fraction
f=the operating frequency of the transmitter.
From Fig. 1(a), when f=f), =7, and when f=f, we
have n=n,=mn;+2. The frequencies f; and f, are the
frequencies for which consecutive maxima (or minima)
will occur. Then, using (1) we find that

c

F=f2—fx=@:§' (2)

where F has the dimension of frequency and is called
delay frequency.

Eq. (2) shows that F depends only on the geometry
and dielectric constant and is independent of frequency
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in as much as ¢, D, and « are independent of it. Eq. (2)
may also be rewritten as:

B 1<c+d
T \/e\F a)

} 1 1/ 1/¢ - d\? 7
' 2 € (F a)

Eq. (3) shows that in order to determine the depth
k, the values of ¢, F, d and a« must be known. The normal
procedure is to perform a variable frequency field ex-
periment at an appropriate distance, from which F is
obtained. Also, the dielectric constant € is either meas-
ured on site® or estimated from laboratorymeasurements
on the various types of rock samples that are known to
form the site. However, although a knowledge of € is
essential for determining %, latter is not critically de-
pendent upon it. Value of & may either be assumed from
experience or determined by actual measurement on
site. But dependence of # on o may be diminished by
proper choice of distance d in comparison with A.

For best utilization of the variable frequency field
experiment, (2) is further investigated. Values of %
are assumed and F is calculated for presumed values of
¢ and a. Fig. 2 shows the F—d—1% chart calculated
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|
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Fig. 2—Calculated chart relating delay frequency, distance and
depth for v/é=2.5 and «=0.75; the appropriate frequency range
is indicated.

from (2) for v/e=2.5 and a=0.75. These curves show
that at relatively small distances, the delay frequency
is a good identification of depth and becomes reason-
ably independent of a. On the other hand, at relatively
large distances, the curves become asymptotic and F
is almost independent of k. This far-distance condition,
in which d>>h is given by:

4
Fopm ——————. 4)

(i)

3 The method of measurement of e on site will be dealt with in a
separate paper pending more field work.
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In general, the choice of the appropriate distance for
field tests depends on several factors, the most impor-
tant of which are:

Far-Zone Condition

In order to apply the simple laws of propagation,
both the receiver and the underground reflecting sur-
face must be in the far zone of the transmitter. This
implies a condition on the minimum value of the dis-
tance d relative to the longest wavelength used in the
field test. In the far-zone, the field strength is entirely
the radiation component E,. However, in the near far-
zone the total tangential component of field strength
E; is the resultant* of three components such that:

Ey = Eg (m* 4+ Jm —1)
where m =\/2nd, from which:
| Ba] = | Ba| [m= 0 mae | Eol 1=t
If the distance d is so chosen that m<1, then:
| Eo| = | Eo] (1= m2). ©)

Considering the surface ray, the value of \ to be used
in (5) should be replaced by the surface wavelength
A\ =aA air, and if the minimum distance is greater than
half the longest surface wavelength, then-the total
tangential component is less than 5 per cent smaller
than the radiation component. Similarly, for the under-
ground reflected ray, a small discrepancy occurs if the
depth k is greater than the longest surface wavelength_

Refraction and Total Reflection

In order to ensure the minimum amount of refraction
and to avoid total reflection from the various under-
ground strata, the incidence of the underground wave
should be as near to normal as possible. This is satisfied
practically if d <h.

Received Field Strength

To minimize effects of noise and interfering signals,
the received field strength should be as high as possible.
This calls for the use of the smallest value of 4.

From these considerations, the appropriate distance
for field tests is the smallest possible value that falls
into the far zone. Thus, the practical relation is:

Mair<d < h

(6)

The appropriate frequency range is indicated on the
curves of Fig. 2 for constant depth. Further, the lines
d=h and 2d =h are shown. The longest wavelength is
deliberately made shorter than that obtained from (6)
in order to minimize effects of anomalous dispersion.

In general, effects of anomalous dispersion cause re-
sistivity to change with frequency. This causes degree
with which weaker ray reinforces or weakens the other
ray to vary with frequency; net result being a change
in F with frequency. This effect is overcome largely if

4 J. G. Brainard, “Ultra High Frequency Techniques,” D. Van
Nostrand Co., Inc., New York, p. 397.
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Fig. 3—Observed and transformed frequency-interference
patterns at Baharya Road for d =1,300 meters.

we choose the frequency range such that F is only a
small fraction of lowest frequency. Naturally, shorter
wavelengths are reserved for smaller depths.

Further, it is found that with a reasonable value of
the transmitted power, the received field strength at
the appropriate distance is so small that broadcast
transmitters often cause a serious amount of inter-
ference. The task of the engineer who performs this
type of field test consist of employing a specially-built,
highly-selective, self-calibrated field strength set, and
of utilizing the vacant points of the frequency spectrum.
It is particularly important that the radio frequency
stage of the field strength set be so designed as to en-
sure the least possible amount of tube nonlinearity.

ActuaL FIELD EXPERIMENTS

The field experiments presented here were made at
two places in the Egyptian desert; namely, at Baharya
Road, some 20 kilometers from the Pyramids, and at
Abu Aweigla, Senai. The experiments at Baharya
Road were the first attempt towards obtaining interfer-
ence patterns which proved the phenomenon. Acquiring
the proper style and technique of the field work was the
major objective rather than the determination of the
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Fig. 4—Observed and transformed frequency-interference
patterns at Baharya Road for d =1,035 meters.

water table which is unknown there. The experiments
made at Abu Aweigla were primarily intended for
checking the efficacy of the method for the determina-
tion of the water table which is known from a nearby
boring. In all the tests, both transmitting and receiving
antennas were parallel and perpendicular to the plane
of incidence.

Experiments at Baharya Road

Figs. 3 and 4 show observed values of the voltage E,
induced in the receiving antenna at various frequencies
at two different distances. The lower curves are cal-
culated in terms of microvolts induced in the receiving
antenna per ampere into the center of the transmitting
antenna. The general tendency of these curves indicates
that E, increases almost with the square of frequency.

The upper curves are merely the lower ones multi-
plied by (1,000/f)2. This graphical transformation is
made only to enable more accurate determination of the
maxima and minima. The curves indicate that the delay
frequency is not constant. This illustrates clearly effects
of anomalous dispersion. Curves also show serious inter-
ference caused by the beating action of the relatively
strong field strength of the Egyptian State Broadcast
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Fig. 5—Observed and transformed frequency-interference
patterns at Abu Aweigla for d =550 meters.

Station at 773 kc with the local signal. Reduction in the
output as a result of beat is due to an inherent charac-
teristic of converter stage of receiving set.

Considering the average value of the delay frequency
F, and using the results of measurements \/e, = 2.75 at
Baharya Road, and assuming a=0.75 we get:

At d =1,035 meters: observed F=115.5 k¢,
calculated & =507 meters.

At d=1,300 meters: observed F=387 kc,
calculated & = 682 meters.

Average value of & is 594 meters. This value could not
be checked definitely on water table at this place. Fur-
ther, it is not advisable to depend much on these results
because of large difference between two values of k, and
because of serious variation of F with frequency. More
reliable results could have been obtained with d =300
meters and f ranging from 1,000 to 1,500 kec.

Experiments at Abu Aweigla

Figs. 5 and 6 give the resulting interference patterns.
In these tests, the distances chosen were 550 and 270
meters which are small compared to the expected depth
of the water layer. Further, the smaller of these dis-
tances is just about half the longest wavelength. It is
interesting to note the constancy of the observed delay
frequency and the relatively strong field strength. These
conditions are favorable for field work.

Using the results of measurements of 4/¢,=2.38 and
with a=0.75, we get:

At d =550 meters: observed F=87 kc,
calculated & = 835 meters.

At d =270 meters: observed F=77 kc,
calculated % =885 meters.

Average is & =861 meters. This result agrees with water
table borings made by Standard Oil Company at Khabra
and Nikhil. Trusted reports of these borings gave depth
at which water was first observed as follows:

Khabra Boring: 2,594 {t. or 790 meters

Nikhil Boring: 2,872 ft. or 875 meters

Fig. 6—Observed and transformed frequency-interference
patterns at Abu Aweigla for d =270 meters.

The test place at Abu Aweigla is indicated on the
drawing of Fig. 7 relative to Khabra and Nikhil borings.

KHABRA
NORTH BORING
[ ABU
AWEIGLA
[ ]
NIKHIL
BORING

DATA:

‘KHABRA BORING:A=790m, 192 m. ABOVE SL.

NIKHIL BORING :A=875 » 2406 n- “

ABU AWEIGLA A =861 »s125 - - "
SCALE: I1Cm. =10 KILOMETERS.

Fig. 7—Position of Abu Aweigla relative to
Khabra and Nikhil borings.

THE VARIABLE DISTANCE INTERFERENCE
METHOD

Referring to Fig. 1(c), the transmitter T is fixed while
the receiver R is moved, the distance d being varied
while the frequency f is constant. In addition to the as-
sumptions made in the previous section, the variable
distance method assumes no change in the surface levels
or the water level throughout the test area. Under these
conditions, the interference fringes are given by (1).
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Fig. 8—Calculated chart relating fringe distance and depth for +/¢
=2.5 and «=0.75; the appropriate frequency range is indicated.

From Fig. 1(b) when d =d,, n=mn, and when d =d,, we
have 7 =n,=mn,+2. The distances d; and d. are the dis-
tances for which consecutive maxima (or minima) will
occur. Then, using (1), we find that:

= —4—}- V(B — 2d:d2)(B + 2d:ds) N
where
4= L_[i+ L= dl)] (8)
VA
B =d,2 4 dt — A? (9)

If in Fig. 1(b), d, and ds are any two points of suc-
cessive maxima and minima, (7) would still hold but:
A=—=

[ c
Vel

For best utilization of a variable distance field experi-
ment, (1) is further investigated by assuming the order
of interference 7 and calculating the distance d at which
maxima or minima occur for a given value of . Values
of Ve, o and the appropriate frequency are presumed.
Fig. 8 shows fringe distances vs 7, for given values of
h. These curves are calculated from the relation:

5.6\
n.hl:().3 + /‘/(0.314 - ——):l
n?
which is derived from (1), for 1/e=2.5, «=0.75, and
h =1\ air (see (6)). These curves show that the separa-
tion between any two consecutive maxima or minima
decreases rapidly as the order of interference is in-

creased until the separation becomes almost constant
when d>>k. This far distance condition is given by:

-
— 1
)

1

1
+— - dl)]. (10)

d (11)
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Fig. 9—Observed distance-interfereace patterns at Baharya Road

for the frequencies 840, 940 and 1,040 kc.
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Fig. 10—Transformed patterns of Fig. 9.

In general, although the transmitting antenna is laid
on the ground surface, a relatively strong vertical com-
ponent of the electric field has been observed at the
receiver. This makes the variable distance method sensi-
tive to small changes in the antenna orientation in the
vertical plane. With rough ground the measurement of
the electric field is therefore subject to errors. The best
utilization of this method is obtained only in fairly level
ground for depths less than 500 meters. Greater depths
require large fringe distances and these suggest many
field problems.

ActuaL FIELD EXPERIMENTS

Figs. 9 and 10 show interference patterns obtained at
Baharya Road. The curves of Fig. 9 express the re-
ceived microvolts per ampere at three fixed transmitter
frequencies; namely, 840, 940, and 1,040 kilocycles. The
general tendency of the curves indicates that the in-
duced voltage decreases inversely with the square of the
distance. The curves of Fig. 10 are those of Fig. 9 trans-
formed to (d/1,000)? for accurate graphical determina-
tion of the maxima and minima.
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The curves of Fig. 10 illustrate the errors produced by
variations in the antenna orientations in the vertical
plane as the receiver is moved from place to place. This
effect is most pronounced at distances from 700 to 1,000
meters where the ground surface was rough. The curves
also illustrate discontinuities at distances less than 550
meters and greater than 1,350 meters. This indicates
a change in the kind of underground material at these
places.

Apart from the above illustrations, the smoothed
curves of Fig. 10 show definite maixma and minima
from which the depth £ is calculated. Using the results
of measurements /¢, =2.75, and using (7), (8), and (9),
with @ =0.75, the following is obtained:

When

f=1,040 kc, d,=830 meters, d»=1,185 meters, 4=224,
B=204X%104 from which #=7591 meters.

When

=940 kc, di=840 meters, d.=1,205 meters, 4 =235,
B=210.1X10%, from which %#=600 meters
When

f=840 kc, dy=850 meters, d;=1,225 meters,
B=216.14X104, from which %=1582 meters.

4 =246,

The average value is & = 591 meters. .

Altitude measurements at Baharya Road gave the
barometer reading at Cairo University =997.8 millibars;
barometer reading at receiver site at Baharya Road
=9081.7 millibars. Difference =16.1 millibars, which is
equivalent to a difference in level of 16.1X8.38 =135
meters. Adding 10 meters from Nile l.evel, the height
of the test point at Baharya Road is 145 meters above
Nile Level during the month of July. These results sug-
gest that the water table at this test point is.independ-
ent of the Nile water. The results, however, agree with
those obtained by the variable frequency method men-
tioned in the previous section.

A NoTE oN THE MODE OF PROPAGATION

The antenna is perhaps the most important part of
this system, due to its complicated behavior and lack of
rigorous solution for the resulting mode of propagation.

When the antenna is placed on the ground surface,
the latter will act as a lossy dielectric because of the
presence of conductivity. This conductivity is also in-
homogeneous, being relatively greater at the surface
layer than at the bottom layers. This is because of the
continuous exposure of the surface layer to the ever-
changing climatic conditions. The extra conductivity
of the surface layer causes relatively strong surface con-
duction currents to flow in the vicinity of the antenna
and will produce the following effects:

1. It will absorb energy, thus reflecting a resistive
component into the driving point impedance.

January

2. It will produce a field which opposes the original
field of the antenna, and thus reduces the radiation com-
ponent and radiation resistance.

3. The reduction in the antenna field in its vicinity
will also be accompanied by a change in the reactive
component of the driving point impedence. This change,
however, may be assumed small in a first order approxi-
mation, because most of the energy stored is close to
the antenna conductor.

Thus the general effect of the presence of ground
surface conductivity is an apparent screening of the
power input to the antenna which is thus mainly ab-
sorbed instead of being radiated into the appropriate
propagation media. However, in this manner, it might
appear that the power radiated in air is many times that
radiated in the underground medium. Fortunately, the
antenna is a more efficient radiator of energy under-
ground than in air by virtue of its relative electrical
length in each medium.

In general, the effect of the presence of the extra
ground surface conductivity may be reached by as-
suming an appropriately dimensioned, situated, and
resistively loaded image. Owing to the antenna being
placed on the boundary, the antenna and its image are
almost coincident. Since the image is essentially nega-
tive in this case the resulting reduction in the electric
field at any point on the ground surface is almost, but
not exactly, a complete cancellation. This, perhaps, ac-
counts for the weak field which is observed on the
ground surface at all points of reception.

The equipment employed in the field measurements
consists of a mobile transmitter and a field strength
measuring set with its calibrating signal generator. Both
the transmitter and the field strength set are of standard
construction but special modifications were made
locally in the antenna circuits. The tank circuit of the
final power amplifier in the transmitter is coupled to the
dipole antenna by means of a carefully balanced trans-
former in which the degree of balance is controlled and
indicated. Similarly, the receiving dipole antenna is
coupled to the field strength set by means of a balancing
unit and a suitable switching arrangement which en-
ables easy comparison of the antenna-induced emf with
the calibrated output of the associated signal generator.
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A Transmission Line Taper of Improved Design”
R. W. KLOPFENSTEINT

Summary—The theory of the design of optimal cascaded trans-
former arrangements can be extended to the design of continuous
transmission-line tapers. Convenient relationships have been ob-
tained from which the characteristic impedance contour for an opti-
mal transmission-line taper can be found.

The performance of the Dolph-Tchebycheff transmission-line
taper treated here is optimum in the sense that it has minimum
reflection coefficient magnitude in the pass band for a specified length
of taper, and, likewise, for a specified maximum magnitude reflection
coefficient in the pass band, the Dolph-Tchebycheff taper has mini-
mum length.

A sample design has been carried out for the purposes of illustra-
tion, and its performance has been compared with that of other
tapers. In addition, a table of values of a transcendental function
used in the design of these tapers is given.

INTRODUCTION

HE ANALYSIS of nonuniform transmission lines
Thas been a subject of interest for a considerable
period of time. One of the uses for such nonuni-
form lines is in the matching of unequal resistances
over a broadband of frequencies. It has recently been
shown that the theory of Fourier transforms is applica-
ble to the design of transmission-line tapers.! It is the
purpose of this paper to present a transmission-line taper
design of improved characteristics. The performance
of this taper is optimum in the sense that for a given
taper length the input reflection coefficient has mini-
mum magnitude throughout the pass band, and for a
specified tolerance of the reflection coefficient magni-
tude the taper has minimum length.
For any transmission line system the applicable equa-
tions are

av
— = 7]
ax
aI
dx

where
'V = the voltage across the transmission line,
I=the current in the transmission line,
Z =the series impedance per unit length of line,
and
Y =the shunt admittance per unit length of line.

Fig. 1 illustrates the configuration to which the above
equations are to be applied.

For nonuniform lines, the quantities Z and Y are
known nonconstant functions of position along the line,
and the properties of the system are determined through
a solution of (1) along with the pertinent boundary

* Original manuscript received by the IRE, June 9, 1955.

t RCA Labs., Princeton, N. J.

1 F. Bolinder, “Fourier transforms in the theory of inhomogeneous
transmission lines,” Proc. IRE, vol. 38, p. 1354; November, 1950,

conditions. Through use of the waveguide formalism?
(1) is applicable to uniconductor waveguide as well as
to transmission line. Strictly speaking, of course, (1)
is not precisely applicable to any system since it ac-
counts for the propagation of a single mode only. It
furnishes an excellent description, however, as long as
all modes but dominant mode are well below cutoff.
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Fig. 1—Tapered transmission-line matching section.
Eq. (1) can be recast in a more directly useful form
through the introduction of the quantities

v = \/ZY = the propagation constant of the line,
Zo

vZ/V = the characteristic impedance of the line,
and

V/I —Z, the reflection coefficient at any

= = 2
V/I +Z, point along the line. @

p

These lead to first order nonlinear differential equation?

dp 1

d(ano)
—=2%+—QQ—-p)———=0
dx 2

ax ®)

This equation has the advantage that it is in terms of the
quantity of direct interest in impedance matching prob-
lems. Likewise, a very natural approximation for im-
pedance matching purposes can be made directly in this
equation. If it is assumed that p?«<1, (3) becomes

dp
dx

2 N. Marcuvitz, “Waveguide Handbook,” McGraw-Hill Book
Co., Inc., New York, N. Y, ch. 1, p. 7; 1951,

3 L. R. Walker and N. Wax, “Nonuniform transmission lines and
reflection coefficients,” Jour. Appl. Phys., vol. 17, pp. 1043-1045;
December, 1946.
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where

: 1 d(ln Zo)

which is a first-order linear differential equation in p.

SoLUTION OF THE DIFFERENTIAL EQUATION

A solution of the differential equation (4) is sought
which satisfies the boundary condition p=0 at x=1/2.
An integrating factor for this equation is

6 = exp| ~ 2 | “ae) (s)

where the lower limit of the integral is arbitrary. Ap-
plying this to (4) it is found that the solution satisfying
the boundary condition is given by*

/2
p(x) =

F(z) exp [— 2 [ v(E)dE] & (6)

z

and, hence, the input reflection coefficient is

14}
p =

F(s) exp [— 2 [ _:/27(E)d£] &

-2

The solution given above is subject only to the re-
striction that the reflection coefficient is relatively small.
It is equally applicable to lossless transmission line,
lossy transmission line, and waveguide tapers. The
physical interpretation of the solution as given is evi-
dent. The incremental reflection at each cross section
is given by F(z), and the exponential term expresses
the total delay and attenuation of this reflected com-
ponent at the input of the tapered section relative to
incident input wave.

OpTtIMAL DESIGN OF TRANSMISSION-LINE TAPERS

An important special case of the general situation
considered above is the lossless transmission-line taper
as illustrated in Fig. 1. In this case, the characteristic
impedance is a real number and is independent of fre-
quency. The wave propagated in the line is essentially
TEM in character, and the propagation constant is
purely imaginary and proportional to the frequency.

Under these conditions the interior integration of (7)
can be carried out, and the input reflection coefficient
becomes

12
F(z) exp (—j2Bz)dz. (8)

-2

p exp (j6l) =

This relationship can be inverted through the theory
of Fourier transforms to obtain

1 o0
Fz) = — f [o exp (j8) ] exp (j282)d8.  (9)

The analogy between the present problem and the syn-
thesis of radiation patterns from line sources is evident.

¢ L. R. Ford, “Differential Equations,” McGraw-Hill Book Co.,
Inc., New York, N. Y., ch. 2, pp. 36-39; 1933.
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In each case, the quantities of interest are related
through the Fourier transform.

In the use of (9) the reflection coefficient is specified
so that its value at negative frequencies is equal to the
complex conjugate of its value at the corresponding
positive frequencies. This is necessary in order that the
specified reflection coefficient shall correspond to a
physically realizable structure.® This requirement then
insures that the transform will be completely real as it
must be in order that F(x) have significance in terms of
a transmission-line taper.

Collin has recently shown that optimum performance
is obtained from a cascaded transformer structure
when the power loss ratio is expressed in terms of the
Tchebycheff polynomial of degree equal to the number
of sections.® This is equivalent to having the input re-
flection coefficient proportional to the Tchebycheff
polynomial of the same degree, when its square is small
relative to one [an assumption already made in the deri-
vation of transform pair (8) and (9)].

By allowing the number of sections to increase in-
definitely for a fixed over-all length, the results of Collin
can be extended to the case of a continuous transmisston-
line taper. In the case of a cascaded transformer ar-
rangement, a secondary maximum in the reflection co-
efficient magnitude occurs at the first and at all succeed-
ing frequencies where the individual section lengths be-
come equal to a multiple of a half-wavelength. As the
number of sections is allowed to increase without limit
for a fixed over-all length, the frequency at which this
first secondary maximum occurs also increases without
limit so that the pass band consists of all frequencies
beyond that for which the reflection coefficient first
comes within the specified tolerance.

For maximum bandwidth with a fixed maximum
magnitude of reflection coefficient then, input reflection
coefficient for a continuous taper takes form

cos [/ (812 — A?]

pexp (j80) = po 0

10
cosh (4) (10)

which is the limiting form of the Tchebycheff polynomial
as its degree increases without limit.” The specification
of the parameter 4 determines the maximum magnitude
of reflection coefficient in the pass band which consists
of all frequencies such that Bl=A. The reflection co-
efficient magnitude takes on its maximum value |pof
at zero frequency, and it oscillates in the pass band
with constant amplitude equal to pe/cosh (4). A plot
of the function given by (10) is shown in Fig. 2 for a
number of different values of 4.

The inversion of the above specified reflection co-
efficient through (9) yields?

5 H. W. Bode, “Network Analysis and Feedback Amplifier De-
sign,” D. Van Nostrand Co., Inc., New York, N. Y., ch. 7, p. 106;

¢ R. E. Collin, “Theory and design of wide-band multisection
quarter-wave transformers,” Proc. IRE, vol. 43, pp. 179-185; Febru-
ary, 1955.

1 T. T. Taylor, “Dolph arrays of many elements,” Tech. Memo.
No. 320, Hughes Aircraft Co., Culver City, Calif.; August 18, 1953.
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x| £1/2,
=0, xl >1/2 (11)

where I is the first kind of modified Bessel function of
the first order, and é is the unit impulse function.

‘The variation of characteristic impedance along the
taper can be found by direct integration of F(x), and
it is given by

1 Po
In(Z,) = 5 In (Z\Z5) +m {A2¢(2x/l, A)
et fos 2.
2 . 2
x| =2,
= In (Z,), x> 1/2,
= In (Z)), r < —1/2, (12)
U is the unit step function defined by,
U(z) = 0, z <0,
U(iz) =1, z =0, (13)
and ¢ is defined by
06.0) = —o(=sd) = [(FVIZI
0o A1 — 4
|s] =1 (14)

-2/

1.0 15 20

Fig. 2—Response of Dolph-Tchebycheff transmission-line tapers.

Eq. (12) furnishes the information required for the
design of a Dolph-Tchebycheff tapered transition. The
quantity po is determined by the two impedances Z,
and Z, which are to be matched, and 4 is selected on
the basis of the allowed maximum reflection coefficient
magnitude in the pass band. One of the interesting as-
pects of this design is that the taper has a discontinuous
change of characteristic impedance at each end as well
as a continuous change along the length of the taper.
Itisinteresting to note that when the tolerated reflection

Klopfenstein: Transmission Line Taper 33

coefficient approaches the initial reflection coefficient
po, the parameter 4 approaches zero, and the band-
width comprises all frequencies from zero to infinity,
In this case, the Dolph-Tchebycheff taper design degen-
erates into the usual quarter-wavelength transformer
design with a discontinuous change of characteristic
impedance at each end and a constant characteristic
impedance at intermediate points.

20 log,, (COSH A) = 40
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Fig. 3—Plot of the function ¢(z, 4).

The function ¢(z, 4) is not expressible in closed form
except for special values of the parameters. Therefore,
this function has been computed through standard inte-
gration formulas on an 1BM CPC digital computer for
a suitable range of values of the parameters. Tabulated
values of ¢(z, A) are given to six decimal places in
Table I, p. 34, and the function is shown in Fig. 3.
The special closed-form relationships

$(0, 4) =0,
o(z, 0) = z/2,
and

cosh (4) — 1

o(1, A) = ) (15)

are obtained for the end points of the parameter ranges.

One more comment should be made in regard to the
application of the preceding design procedure. 1f one
uses the natural value

Zg _Zl

===, (16)
Ze+ Z,

Po

in entering the equation (12), it will be found that the
designed taper does not quite fit the final impedances
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TABLE 1
VALUES OF THE FUNCTION ¢(3, 4) FOR 2 0(0 03)1.00 axD 20 logm (cosh A)=0(3)40
¢(2,A)
20 log.o—(c_osh A4)

e 0 5 w0 | s 20—;‘__25 s | 33 |40
0.00 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 0.000000 | 0.000000 | 0.000000
0.05 | 0.025000 | 0.029593 | 0.036818 | 0.048140 | 0.065590 | 0.092539 | 0.134313 | 0.199460 | 0.301772
010 | 0.050000 | 0.059161 | 0.073629 | 0.096137 | 0.130902 | 0.181564 | 0.267698 | 0.397268 | 0.600625
0.15 | 0.075000 | 0.088681 | 0.110276 | 0.143848 | 0.195661 | 0.275567 | 0.399242 | 0.591802 | 0.893707
0.20 | 0.100000 | 0.118128 | 0.146721 | 0.191132 | 0.259597 | 0.363055  0.528062 0.781511 | 1.178306
025 | 0125000 | 0.147479 | 0.182899 | 0.237850 | 0.322448 | 0.452552 | 0.653321 | 0.964936 | 1.451913
0.30 | 0150000 | 0.176708 | 0.218746 | 0.283869 | 0.383962 | 0.537610 | 0.774237 | L1074 | 1.712272
0.35 | 0.175000 | 0.205794 | 0.25497 | 0.329050 | 0.443899 | 0.619809 | 0.890101 | 1.307751 | 1.957437
040 | 0200000 | 0234711 | 0.289191 | 0373296 | 0.502035 | 0.698767 | 1.000282 | 1.464942 | 2.185803
045 | 0.225000 | 0263438 | 0323667 | 0.416360 | 0.538165 | 0.774142 | 1.104238 | 1.611487 2.396134
0.50 | 0.250000 | 0.291950 | 0357568  0.438411 | 0.612094 | 0.813635 | 1.201523 | 1.746753 | 2.587582
0.55 | 0.275000 | 0.320226 | 0.390837 | 0.49913 | 0.663658 | 0.912094 | 1.291792 | 1.870306 | 2750681

T0.60 | 0.300000 | 0.348244 | 0.423420 | 0.538444 | 0.712709 | 0.976019 ‘1%(' i79§;918 1 2.912359

T0.65 | 0.325000 | 0375982 | 0.455266 | 0.57628% | 0.759120 1034555 | 1.450409 . 2.081555 | 3.045886
0.70 | 0350000 | 0.403418 | 0.486328 | 0.612574 | 0.802790 | 1.08850% | 1.518582 | 2.169376 | 3.160875
075 | 0.375000 | 0430533 | 051659 | 0.647218 | 0.833641 | 1137814 | 1.579377 | 2.245710 | 3.258228
0.80 | 0.400000 | 0.437305 | 0.515918 I_b.(isoz-ﬁ | 0.881619 | 1.182484 | 1.632047 | 2311049 | 3.339098
0.85 | 0.425000 1 0.483716 | 0.574365 | 0.711518 | 0.916692 | 1.222563 | 1.679531 | 2.366019 | 3.104835

T0.90 | 0.450000 | 0.509746 | 0.601865 | 0.741027 | 0018855 | 1.258145 | 1.719443 | 2.411361 | 3.456938

T 095 | 0.475000 | 0.335377 | 0.628386 | 0.768745 | 0.978123 | 1.289363 | 1.753065 | 2.447905 | 3.497000

T .00 | 0.500000 | 0.560591 | 0.653899 | 0.793653 | 1.004533 | 1.316391 | 1.780835 | 2.476547 | 3.526658

Zs and Z; at the end points. This fact is an evidence of
the approximation p?<&1 which was made at the outset
in differential equation (4). Discrepancy becomes larger
as value of magnitude of p, increases. This design in-
convenience can be climinated, however, by taking

In 22/21), (17)

as the initial value of the reflection coefficient instead of
the true value of (16). The two expressions are identical
to a second order of approximation for small differences
between Z, and Z;, and the use of the second expression
will vield a taper design which exactly fits its end-point
impedances for all values of Zy and Z,. The effect of the
approximation p?<«1 will then be evidenced by a slight
deviation from the performance given by (10) in the
low-frequency range outside the pass band.

1
2

Po = 3

TrANsMISSION-LLINE TAPER FROM
50 1o 75 OnMs

COAXIAL

As an application of the preceding results, the de-
sign of an optimal 50-75 ohm coaxial transmission line
taper will be indicated in detail. The taper is to be de-
signed so that the input reflection coefficient magnitude
does not exceed about one per cent in the pass band.

The initial value of the reflection coefficient in this
case is equal to 0.2. The value of po for use in the design
of the taper is found from (17) to be

= 1in(1.5) = 0.20274. (18)

As observed previously, this value does not differ
markedly from the zero frequency reflection coefficient.

It will be required that the maximum reflection co-
efficient magnitude in the pass band shall not exceced
one-twentieth of po. Thus, from (10)

cosh (.1) = 20,
so that

A = 3.6887. (19)

The characteristic impedance contour can now be ob-
tained directly from (12). The resulting Z, curve is
illustrated in Fig. 4, and the corresponding coaxial
line-conductor contour is shown in Fig. §.
Characteristic impedance has a discontinuous jump
from 50 to 50.52 ohms at left-hand end and a corre-
sponding jump from 74.24 to 75 ohms at right-hand end.
Characteristic impedance at center of taper is equal to
61.24 ohms, geometric mean between 50 and 75 ohms.
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Fig. 4—50-75 ohm Dolph-Tchebycheff tapered transition.
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Fig. 5—Inner conductor contour for 50-75 ohm
Dolph-Tchebycheff coaxial-line transition.

The performance of this taper is plotted in I'ig. 6.
The pass band consists of all frequencies greater than
that for which 8/=0.587. For comparison, the perform-
ance of an exponential taper® and a hyperbolic taper®
has been indicated on the same curve.

# C. R. Burrows, “The exponential transmission line,” Bell Svs.
Tech. Jour., vol. 17, pp. 555-573; October, 1938.

* H. ]. Scott, “The hyperbolic transmission line as a matching
section,” Proc. IRE, vol. 41, pp- 1654-1657; November, 1953,
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Fig. 6—Performance of 50-75 ochm Dolph-Tchebycheff
tapered transition.

CONCLUSION

The theory of the design of optimal cascaded trans-
former arrangements can be extended to the design of
continuous transmission-line tapers. Convenient rela-
tionships have been obtaired from which the char-
acteristic impedance contour for an optimal transmis-
sion-line taper can be found. Alternatively, this imped-
ance contour can be thought of as the envelope of the
pointwise specified characteristic impedance of a dis-
crete cascaded transformer arrangement.

The performance of the Dolph-Tchebycheff transmis-
sion-line taper treated here is optimum in the sense that
it has minimum reflection coefficient magnitude in the
pass band for a specified length of taper, and, likewise,
for specified maximum magnitude reflection coefficient
in the pass band the Dolph-Tchebycheff taper has
minimum length.

A sample design has been carried out for the pur-
poses of illustration, and its performance has been com-
pared with that of other tapers. In addition, a table of
values of a transcendental function used in the design
of these tapers is given in Table 1.

A Precision Resonance Method for Measuring
Dielectric Properties of Low-Loss Solid
Materials in the Microwave Region®
S. SAITO} awp K. KUROKAWA$

Summary—A precision resonance method for measuring the di-
electric properties of low loss solid materials has been developed in
our laboratory. The dielectric sample to be measured is shaped into
a cylindrical disk and inserted into a cylindrical cavity resonator
oscillating in the Tio, mode. ¢ can be measured from the difference

* Original manuscript received by the [RE, April 2, 1955; revised
manuscript received, July 6, 1953,
1 Institute of Industrial Science, Univ. of Tokyo, Tokyo, Japan.

between the axial lengths of the cavity tuned to the same frequency
with and without the sample, and tan & can be found from the differ-
ence between the Q's of the cavity with and without the sample. By
making use of a special marker of 2 resonance point on an oscillo-
scope, the measurements accuracy can be improved to yield only
1 per cent error in ¢ and 3 per cent error in tan § for various low-loss
samples. Such materials as polystyrol, polyethylene, teflon, and
glass for high-frequency use were tested at 4,000 mc, 9,000 mc
and 24,000 mc,
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INTRODUCTION

HE METHODS which have been used to measure
the dielectric properties of solid materials in the
microwave region fall into two classes: standing
wave methods'—? and resonance methods. The former
is suitable for measuring high or medium-loss materi-
als, while the latter is preferable for low-loss materials.

Many researchers’®=® have already developed several
resonance methods for measuring the dielectric proper-
ties of low-loss solid and liquid materials. The authors
have extended one of these methods by analyzing a way
of eliminating completely all residual losses except for
the sample loss, which is the most important and diffi-
cult problem for the resonance method. Advantages of
this new method compared with the earlier papers are
as follows:

1. Tan & of sample can be obtained without any am-
biguity from (7) or (11), by using the measured Q values
of cavity with and without sample, and wall losses of
empty cavity. Here, it is necessary to locate exciting and
pick-up loops or holes at opposite side (No. 1 region of
Fig. 1) from movable plunger plate for sample, in order
to eliminate coupling losses of external circuits.

- Lo
L 20
L d f—1,——S—>
%
I*‘:/
# 1 }' #1I
7,

Fig. 1—Dimensions of the cavities with and
without the dielectric sample.

2. The accuracy of measurement can be considerably
improved by repeating twice measurements at the
A\i/4 and optimum sample positions as shown in the
“typical measuring procedures.”

1T. W. Dakin and C. N. Works, “Microwave dielectric measure-
ments,” Jour. Appl. Phys., vol. 18, pp. 789-796; September, 1947.

2\V. H. Surber and G. E. Crough, Jr., “Dielectric measurement
methods for solids at microwave frequencies,” Jour. Appl. Phys.,
vol. 19, pp. 1130-1139; December, 1948.

3 C. G. Montgomery, “Technique of Microwave Measurement,”
McGraw-Hill Book Co., New York, N. Y.; 1947.

4R. L. Sproull and E. G. Linder, “Resonant-cavity measure-
ments,” Proc. IRE, vol. 34, pp. 305-312; May, 1946.

5 F. Horner, T. A. Taylor, R. Dunsmuir, J. Lamb, and W. Jack-
son, “Resonance methods of dielectric measurement at centimeter
wavelengths,” Proc. IEE (London), vol. 93, part 111, pp. 53-68;
January, 1946.

¢ B. Bleaney, J. H. N. Loubster, and R. P. Penrose, “Cavity
resonators for measurements with centimeter electromagnetic
\ivav7es," Proc. Phys. Soc. (London), vol. 59, pp. 185-199; March,

947.
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3. The accuracy in Q measurements can be improved
by making use of a special frequency marker in the
measurements of the resonance and half power points.
1t has been adopted as the standard for measurements of
this kind by the Electrical Communication Laboratory
of the Japanese Telephone and Telegraph Corporation
and is now used widely in Japan.

Since the new precision method of measuring Q em-
ployed in this connection is most suitable for measure-
ments involving high values of Q, it is also applicable
to measurements of other quantities involving extreme-
ly small loss. Measurements of the surface conductivity
of metal plates and of the attenuation of waveguide
and coaxial line based on the same principle, have been
carried out. Their results are briefly described.

PRINCIPLE

Fig. 1 represents a cylindrical cavity resonator which
is excited to resonate in the TEy, mode. A solid dielec-
tric sample is formed into a cylindrical disk, whose
diameter 2a is the same as that of the cavity, and is
then located perpendicularly to the cylinder axis in a
certain position in the cavity. The axial length of the
partially filled cavity resonant at a certain frequency
is less than that of the cavity resonant at the same fre-
quency without the sample. Let the thickness of the
sample be d, and the distances from the surfaces of the
sample to the end plates of the cavity be /; and /,
respectively (see Fig. 1). The resonant axial length of
the cavity with the sample then is (Lh+l.+d). The
resonant axial length of the cavity at the same fre-
quency without the sample is Lo=1/,+l0, where I,
and lyg are as shown in Fig. 1. Finally, let the difference
between the two resonant axial lengths be denoted by
shift S. Then the following equation relating these quan-
tities is obtained:

n*—n cot Bad cot Bily
cot Bila=cot Bijlao—(S+d) = . 1
Bils ﬁl{ 20— ( )} n cot Bad+cot Bily W

Here 8;, B2 are the phase constants of the Ty mode in
the axial direction in the air and the dielectric sample,
respectively, and #»=8;/8:. The shift S varies with the
position of the sample, /;, as shown in Fig. 2 and the
condition that gives the maximum value of the shift,
Smax, 18 given by

cot ﬁ;l;=n tan ﬁzd/2, ll =lz'_tu’/2>\1 (fOl' 62d<1l'). (2)
The maximum value Sp.x satisfies the equation:
cot B1/2 (Smax+d) = 1/n cot Bod/2. (3)

Defining S; and S, as the shifts corresponding to [,
(=2'+1)/4\,, and L, =»"/2\, respectively, we have

cot Bi(S1 + d) = 1/n cot Bad
cot Bi(S: + d) = n cot Bud.

(4)
(3)

Here »’ is zero or an integer and )\, is the guide wave-
length in the air-filled guide.
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If S is measured corresponding to a certain value of
h, B2 can be calculated from (1), (3), (4) or (5) and the
dielectric constant of the sample, ¢, is given by

B2? n ()\o)

(27r/>\0)2
where \o is the guide wavelength and A, the cut-off
wavelength for the TEq mode in the air-filled guide.

(6)

R e e E Ly P,

]
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Fig. 2—Relation between the shift and sample position.

L max

26:%(Rs?—1)+2/a(2x /)| (h+bRs?+dR,2—
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where R,?, R;? are given by
R12 = sin? 6111(1 + 1/”2 cot? Blll)

SiI‘l2 Blll O (10)

Ry = sin? Bad (cot Bili + # cot Bud)?

n? sin? Bil;

In the reactance variation method, when the differ-
ences of the axial lengths 28/, and 26/, at the half-power
points of the resonance curves of the cavity with and
without the sample, respectively, are obtained by vary-
ing the axial length /,, tan 8 can be calculated from the
equation

A=1.92/N0Ad10%

Next, let us consider the methods for determining
tan 8, the loss tangent of the sample. Associated with
cavity measurements there is the frequency variation
method and the reactance variation method (or axial
length variation method). It is assumed that the cavity
in use is of the transmission type and that its exciting
and pick-up loops (or holes) are located in the region
designated as No. 1 in Fig. 1. When in the frequency
variation method 26f and 23f,, the half-power band-
widths of the resonance curves of the cavity with and
without the sample respectively, are measured, tan &
can be exactly calculated from

29 w 24 W+Ww
tan 5=|:—f—'___ __0 — fo:“: + li 3]—‘3- (7
Jo Wi+WatWs 1 W

Here W, corresponds to the energy stored in the cav-
ity without the sample; W,, W, and W, respectively
correspond to the energy stored in regions No. 1, 2
(sample), and 3 of the cavity containing the sample,
as shown in Fig. 1. These are obtained as follows:

26ly — 26850/ R;? 1 /Xo\?
tan & = [—2 ~ 20/—3] l:l -— (—2) :I—A, (11)
n%dR € \ X
where R is given by
cot? Bilp-tan Bud
R = sin? 6112 [1 - 612—62_
n? tan? Bil, 1%8.d
% cosec? Bqd
{ " _BLMY_1}}. (12)
(cot Bili cot Bad — n)?
The last term in (7) and (11) is given by
—Lo)—1/28,(1— 1/n%) (sin 2811+ Rs? sin 281l) | (13)
———59 d

(27/M0)?{ edR\*+¢/26,(1/m) (sin 28:s+ Rs? sin 26uly) | \

where Ao is the wavelength in free space expressed in
cm, and 4 is attenuation coefficient of metal cavity wall
relative to pure copper. When cavity is properly de-
signed and manufactured, and value of \o/A, lies be-
tween 0.65~0.80, A may be as small as 0.1~0.3 X104,

It is interesting to note that the proper loss of the
sample can not completely be extracted from the
measured Q values of the cavity only, with and without
the sample, but another measurement is required to
obtain the compensation factor A; i.e., the relative loss
factor A. It should be noted that in (7)~(13) cavity
wall losses plus coupling losses are taken into account.

FFor some special cases the above formula may be
somewhat simplified. Several cases are listed below.

In the case S=S,.,,

h=Ily4++/2\,, R,2=sin? 6111 sec? Bd/2, R32=1.00 ]

+" 1+IV B 1/ﬁ1 sin 26111 ‘
W, edR12+e/B,(l/n)2 sin 28, 1 (14)

2 1
R=sin2/31(1+ — *> '
i B2 n tan By, )

n? tan? 8/,

Wo LO
— p— — = SSS———————— 8
Wit Wet Ws b+ edRi® + LR? — 1/281[1 — €(1/n)?][sin 28, + Rs? sin 261, &
o W+ ;s 3 h + LRs* — 1/2B:(sin 2.1y + Rs? sin 28,1,) ©)
77 edR? + ¢/26:(1/n)%(sin 281 + Rq? sin 28:ds)
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In the case L= 4+1)/4M@F'=0, 1,2, - - -)

Ri2=1.00, Rj*=cos? Bod+n? sin? Bad,
Wit Ws | h+hRe{1—sin 28/ 2Bia}

H+— ——
We

ed {14-sin 28:d/28:d )
_ 1sin 28:d/28:d
" cos? Bad+ n? sin? Bad

(15)

—

In the case ly=v'/2\, (' =0,1,2, - - )
3
Ri2= (an W‘) ’
sin Bad
= {sin 6‘1(524:(12} ’ y R32= anlz,
sin B:d
o (16)
Wi,
W
l1+1/zﬂliin 231(52+d)

T R —¢/28,(1/n)? sin 28:(Se+d) J

MEASURING EQUIPMENT
General Installation

A block diagram of the measuring equipment is shown
in Fig. 3. The klystron is frequency modulated by means
of a sawtooth wave derived from the oscilloscope sweep.
The signal from the klystron is transmitted through
the main waveguide of the directional coupler and vari-
able precision attenuators, and is then fed to the measur-
ing cavity resonator through a pick-up antenna (4,000-
mc band) or a small hole (6-mm diameter for 9,000-mc

kurstron|  [omection|  [vacmsie | :\J/ﬁzmsmn MEASUQmG'__ CRYSTAL
T - RIABLE,
OSCILLATOR| | COUPLER ATTCOS5] | M0 CAVITY DETECTOR
il o
t I f
SAw-TOOTH| | PADDING nwFTEnsgm- ELECTRONIC ot
IN
GENERATOR | [ATT(0-30db) AMD, SWITCH ? HPLIFIER
FREQUENCY :
CALIBRATING AMBLIFIER[  ©--- VALVE
¥
CRYSTAL
DETECTOR .
L

Fig. 3—Block diagram of the measuring equipment,

band, 1X3.5 mm for 24,000-mc band). ’art of the signal
is attenuated through the directional coupler and the
padding attenuator and is fed to the frequency cali-
brating cavity. The rectified outputs from both cavities
are independently amplified, fed to the electronic switch
and displayed simultaneously on the oscilloscope. The
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klystron oscillator frequency is frequency modulated
to sweep through the resonant frequency of the measur-
ing cavity. A typical resonance curve results on the
oscilloscope. Since the output of the frequency calibrat-
ing cavity is differentiated by an RC circuit and then
amplified, the differentiated waveform of the resonance
curve appears simultaneously on the screen, as shown
in Fig. 3. The (almost) vertical straight line, or more
exactly, the point at which this line intersects the abscis-
sa, indicates the resonant frequency of the frequency
calibrating cavity. Therefore, when the vertical line,
described above, coincides with the resonance curve
maximum, the resonant frequency of the measuring
cavity can be determined accurately from the tuning
plunger reading of the frequency calibrating cavity. Also,
the width of the resonance curve at half-power, that is,
its damping factor, can be determined precisely from
the difference between the two tuning-plunger readings
necessary to make the vertical line coincide with the
upper and lower half-power points of the resonance
curve. The half-power points are determined by means
of the calibrated precision attenuator as the points at
which the curve is 3.01 db below the top of the resonance
curve. Alternately the characteristics of the calibrated
crystal detector may be used.

The foregoing method of determining the half-power
bandwidth is most suitable for measurements involving
high Q (such as the loss measurement of high quality
dielectric samples), and is more accurate than any other
known method. For low Q-measurement, however,
(Q <1,000), its accuracy is decreased by the AM effect
of the klystron oscillator, and therefore (for example in
the loss measurement of high-loss dielectric samples)
the method developed at the Bell Telephone Labora-
tories’ is preferable in such cases. Even in that method
the bright spot induced by the differentiated frequency
marker is to be preferred over the usual resonance mark-
er because a border point between the bright and dark
spots corresponding to the resonant frequency of the
calibrating cavity can be observed more clearly on the
oscilloscope.

In the reactance variation method of high-Q measure-
ments, the same equipment as shown in Fig. 3 is used.
In this case, the frequency marker on the oscilloscope
is fixed and the resonance curve is varying in accordance
with the variation of the axial length of the measuring
cavity. The method to obtain the half power points is
just the same as described above.

In the reactance variation method for low-Q measure-
ments, the klystron oscillator is amplitude modulated
by means of a square wave. The rectified cavity output
is amplified by the tuned audio-amplifier whose output
is measured with a vacuum tube voltmeter as shown
(in dotted lines) in Iig. 3.

7 A. C. Beck and R. W. Dawson, “Conductivity measurements at
microwave frequencies,” I’'roc. IRE, vol. 38, pp. 1181-1 190 ; October,
1950.
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Fig. 4 shows the complete nieasuring setup. It in-
volves more than is shown in Fig. 3 so that other meas-
urement methods (described below) are possible in the
neighborhood of 9,000 mc.

Fig. 4—Complete measuring equipment at 9,000 mc.

Microwave Equipment

The measuring cavities used are cylindrical cavities
oscillating in the TEpn, modes, specifically, the TEgy,
mode in the 4,000-mc band, the TE;3 mode in the 9,000-
mc band, and the TEy3; and TEg4 modes in the 24,000-
mc band. In order to make the compensation factor, A
of (13) as small as possible, large diameters, such as 12.5
cm, 5.4 cm and 2.2 cm, are adopted in these frequency
bands. Each cavity is provided with a fixed end plate
and a movable plunger plate, and the available axial
length of the cavity is made long enough to fix sample
at the prescribed position and to facilitate tuning over
a considerable frequency range. The plunger is advanced
with a micrometer screw (one thread per mm), which
has a minimum graduation of 1/1,000 mm. All inner
dimensions of the cavities are made to within a precision
of 3 microns (such an accuracy is not necessarily required
for the measuring cavity). The inner surfaces of the
cavities are finished by silver plating and their attenua-
tion relative to pure copper is 1.4~2.0 (the relative
attenuation is obtained by comparing the Q values of
the TEw, and the TEg.,_1y modes). The loaded Qs
of the cavities are about 10,000~15,000.

The frequency-calibrating cavities used also oscillate
in the TEou, TEon2 and TEyy modes in the respective
frequency bands. Their diameters are relatively small
{specifically 10.0 cm, 4.4 cm and 1.67 e¢m) in order to
increase the accuracy with which frequency is calibrated.
A variation of 1/100 mm in the axial length corresponds
to a change in the resonant frequency of about 70 ke,
170 kc and 880 kc at 4,000 mc, 9,100 mc and 24,000 mc,
respectively. A variation of 1/1,000 mm in the axial
length can be read by means of a double vernier. When
a more accurate determination of frequency difference
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is required, a small movable rod, attached to the fixed
end of the cavity, is inserted into the cavity. For exam-
ple, a variation of 1/100 mm in rod insertion corre-
sponds to a 2.2-kc change in the resonant frequency at
4,000 mc. The variation in the resonant frequency de-
scribed above is calibrated fo within a precision of 1.5
ke by the heterodyne method.

The variable precision attenuators used are vane-
type dissipative attenuators with a range from 0.5
to 1.0 db. They are calibrated by means of a standard
cut-off attenuator and their accuracy is about 0.02 db.

Low- Frequency Equipment

The resonance-curve amplifier used consists of three
RC coupled stages. The hum which normally results
from ac heated filaments is eliminated by the use of d¢
power obtained from a selenium rectifier. The response
of the amplifier is nearly uniform for frequencies ranging
from 10 cps to 60 kc.

The output of the klystron and its center frequency
should be constant during the measurement. Since it
is aiso necessary to avoid any residual frequency modu-
lation due to hum, battery operation is preferred, but
well-stabilized, low hum rectifiers are generally satis-
factory sources of klystron cathode and heater voltage.
It is necessary to reduce the hum voltage of the klystron
repeller source to 0.001 v by adding a decoupling capaci-
tor in the repeller circuit, since, for example, in the
4,000-mc band a residual frequency modulation of 1
kc resulting by a 0.001-v hum voltage causes trouble in
these precision measurements.

TypicaAL MEASURING PROCEDURES

Typical procedures for measuring the dielectric prop-
erties € and tan & of low-loss dielectric samples are now
briefly described.

With the measuring cavity tuned to the measuring
frequency fo, the axial length of the cavity L, and the
half-power bandwidth, 2§f, (frequency variation meth-
od) or 28/, (reactance variation method), are measured.

The sample is then inserted at a distance /y=\,/4
from the fixed end of the cavity and the shift of the cav-
ity length, S, as well as the half-power bandwidth,
20f, or 28L, are measured. Using this value of S, p
is calculated from the following modification of (4):

p tan p ng, (17)

= ———¢gta

14+ 8/d
where p=p:d, d is the thickness of the sample, ¢
=0,(S,+d) and By=vwr/Ly. The dielectric constant of
the sample, ¢, is then given by (6).

When greater precision is required, it is preferable to
make the measurements with the sample inserted at a
distance ljn.x from the end; i.e., at the most sensitive
position for both ¢ and tan § measurements. To deter-
mine /' nax the shift S’nax is calculated from the value
p obtained from (17), as follows:
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tan Bi/2(S"max + d) = 2/Bd[p/2-tan p/2].  (18)

Then !}/max is given by
Womex = 1/2{Lo = (S'mex + )}

Next, with a sample insertion of /,'n.x as obtained
above, the shift Spax and the half-power bandwidth 24f,
or 28l are measured. Should the measured value Spax
be different from the calculated value 8’4y, the insertion
must be adjusted so that /;=I,. As the shift varies
very slightly with a variation in /; in the vicinity of
limax, as shown in Fig. 2, lin.x mayv be obtained from
the above measured value S,.x without any serious error
by

(19)

himex = 1/2{Lo — (Smax + d) .

In this case p is calculated by the following formula:

(20)

1
2 tan '2 = - max " {&N Gmax, |
PIEEN IS = Y S = e
Qmax = Bl/z(smnx + (1) J

I'inally, € is obtained from (6). The value of tan & can
then be calculated from 28f or 28! etc., through (7)
and (11).

The procedure described above is suitable for the
measurement of thin, low-loss samples (tan § <20 X107,
thickness 1.0~5.0 mm). In the measurement of high
loss or thick samples, on the other hand, it is preferable
to insert the sample to such a position that ;=0 and
to measure the shift S, and 28f. Then, p is given by:

tan p/p = (1 4+ So/d) tan g2/ o, } ‘
q2 61(52 + ll)

In following this method great caution is required, be-
cause slight errors in the measured values seriously
affect the final values of € and tan 8. The compensation
factor A must also be taken into account, because in
some cases it may be impossible to neglect.

Next, the method to determine the exact location of
the sample within the cavity is briefly described. As it is
somewhat difficult to fix the sample precisely at the
prescribed position, especially for lower frequency
bands, the following method was adopted. First, the
movable plunger plate of the cavity is shifted to the
prescribed position where the sample is to be located,
and the sample is inserted within the cavity until it
makes close contact with the plunger plate. The diame-
ter of the sample is made slightly (about 1/10 mm)
smaller than that of the cavity. Then a tiny wedge
(2X2X1 mm~3X3X2mm) made of the same material
as the sample is driven between the metal wall of the
cavity and the tapered notch of the sample, in order
to make the sample stay at the right position and angle
within the cavity. The clearance between the cavity
wall and the sample can be kept within 1 mm, and there-
fore the effect on the results of the measurements can
be made negligibly small, because there is no electric

(22)
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tield component of the TEg mode near the metal
wall.® Finally, the plunger plate is moved away from the
sample.

REsuLTs

The dielectric properties, € and tan 8, of polystyrol,
polyethylene, teflon, ebonite and glass samples were
measured both by the frequency variation method and
the reactance variation method, in the 4,000-mc, 9,000-
mc and 24,000-mc bands.

The results obtained are described below. Fig. §
shows the oscilloscope trace of the resonance curves of
the cavity and the frequency marker (the lines in the
photograph appear broader than in actual practice
because of the long exposure necessary to make the fine
frequency marking line more visible).

Fig. 5~—-Resonance curve and frequency
marker on the oscilloscope.

First, the results of the measurement of a 3.55-mm
thick polystyrol sample, performed at 3,990 mc are
described. The results of ¢ measurements for sample
positions Iy =Lo/2 and lin.x is listed in Table 1. From
these measured values, ¢ was determined to be 2.570.

TABLE I
MEASURED VALUES OF € FOR POLYSTYROL SAMPLE AT 4,000 mc

fo 3,990 mc

é" (TEon mode) | gg% Gl without sample
25fo 0.428 mc |

S 0.971 cm

P 0.423 ‘

€ 2.571 L=Lo/2
S’ max (Calculated) 1.122 cm |

Vimex (Calculated) 2.017 cm

Simax (measured) 1.124 cm h=limax
P 0.422

& 2.568

2.570+0.1 per cent

Average value of

8 For example, it has been proved, theoretically, that even the air
gap 5 mm in the 4,000-mc band cavity may cause only 0.3 per cent
error for the ¢ measurement of the sample e=3.
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The difference between the values of .S calculated from
B1, Be, €, etc. obtained above, and the measured values of
S were found to be within 5 X102 mm for various sample
positions. The values of tan § calculated from the meas-
ured half-power bandwidths are listed in Table I,
where tan 8’ and tan § respectively neglect and take into
account the compensation factor A. The average value
of tan 8 is 5.56 X 10~* and the maximum deviations in
the vicinity of limex and li=L,/2, i.e., in the vicinity
of the optimum sample position, are +1.5 per cent
and —2.3 per cent. It should be noted from Table Il
that the values of tan 8’ increase with the compensation
factor, A, which varies from minus to plus value in
accordance with the increase of the sample positions
l;, but the true value of tan § remains nearly constant.
Fig. 6 shows the values of S, R? R, and [+W,+W;/
W, for various sample positions.

The results of measurements for a polyethylene sam-
ple at 3,990 megacycles are listed in Table II1I. From
it, it is noted that the reactance variation method
has the same accuracy as the frequency variation
method.

Two polyethylene samples whose dielectric proper-
ties are expected to be the same were made at 9,000 mc
in cavity of TEq: mode. Detailed results are in Table
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Fig. 6—Relation between the shift S, R, R, I+, +W3/Wa)
and the sample position ;.
IV (next page). By this method, €=2.30, and tan
8=2.80X10~* was obtained with higher accuracy than
possible by any other measurement method.

TABLE I
MEASURED VALULS OF tan § FOR POLYSTYROL SAMPLE AT 4,000 mc
Wo | _
h (cm), I+Wi+Ws/ W, 25f (mc), T+Tetws | @0 8'(1079), ‘ A(107Y), tan §(107)
| * 28fo(mc), |
1.645 2.885 [ 1214 | 0.637 | 4 I —0.58 | *5.17
1.895 2.756 l 1.330 0.578 5.19 —0.338 5.53
2.017 (I max) 2.740 1.335 0.550 5.39 —0.248 5.64
2.395 2.831 1.264 0.481 5.56 +0.0005 5.56
2.757 (Lo/2) 3.113 I 1.188 : 0.442 5.83 +0.195 5.63
3.145 3.682 1.040 0.417 5.81 +0.382 5.43
3.645 5.053 0.927 0.402 6.61 +0.704 *5.90
4.645 21.38 | 0.566 0.417 I 7.98 +1.99 *5.98

Average value and its max deviation; tan §=5.61X1074(6.6 per cent, —7.8 per cent)
Average value and its max deviation excluding * values; tan §=5.56 X1074(1.5 per cent —2.3 per cent

TABLE 111
MEASURED VALUES OF tan § FOR POLYETHYLENE SAMPLE AT 4,000 mc

Lo=5.518 cm (TEou mode), 28f=0.348 mc, 26lo=1.05X10"% ¢m

Sample position [ li=Lo/2 - Average value
S ' 0.933 cm B
1 1.108 1.108
S’'max(calculated) | 1.083 cm
Smax(measured) | 1.084 cm
€ 2.292 2.292
25f _ 0.815 mc 0.897 mc ’
tan & 3.24X104 3.02X 10~ 3.13X 10744+ 3.4 per cent
281 1.5X10"3%cm 2.15X1073%cm
R.V.{28l,/Rs? 0.68X 10 3%cm 1.05X 10 %cm
tan § 3.10X104 3.10X 104 3.10X 104

F.V.;frequency variation method
R.V.; reactance variation method
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TABLE 1V

MEASURED VALUES OF ¢, tan 8 FOR Two POLYETHLENE
SAMPLES AT 9,000 mc

Sample No. No. 1 Sample No. 2 Sample
d 2.30 mm 2.11 mm
Si 4.966 mm 4.795 mm
p from h=3/4-\ 0.571 0.529
S max 6.165 mm
l’lmnx 3 347 cm
Smax 6.152 mm
p from hmax 0.571
€ 2.29 2.31
o 28fo 0.368 mc 0.388 mc
h=3/4-\[28f 0.886 mc 0.881 mc
tan & 2.75%X10~* 2.81X10™*
bimax f20f 0.873 mc
tan & 2.86X1074
Average value of tan 2.80%X10+4+1.8 2.81 10~
per cent
1.0="5.026(T Eg2 mode), Bi=1.250

In the 24,000-mc band, a 1.55 mm thick teflon sam-
ple was measured using the TEpns mode. The values
found are €e=2.09 and tan §=4.32X10—. Correspond-
ing results at 4,000 mc were 2.01 and 4.00X104.

SOURCES OF ERROR

The sources of error in the measurement of dielectric
properties are most conveniently discussed separately
for € and for tan 8.

The sources of error in the dielectric constant meas-
urement can be classified as follows: (1) error due to
uncertainty of the position of the sample in the cavity;
(2) error due to uncertainty or irregularity of the thick-
ness of the sample measured; (3) error due to the shift
S; (4) error due to the variation of the oscillator fre-
quency; (5) error due to the air gap between the sample
and the peripheral metal wall of the cavity. After a
detailed investigation of each cause, it was concluded
that the error in € can be easily reduced below 1 per cent
for sample positions /; =\1/4 and limax, if the sample is
well manufactured so that its surface is reasonably
flat. For sample position /; =0 more cautious measure-
ments are required, because slight errors in the meas-
ured values of S and the air gap between the sample and
the end plate of the cavity seriously affect the final value
of . This is the case especially for thin samples.

The sources of error in tan 8 are classified as follows:
(1) error due to uncertainty in 8; and €; (2) error arising
from Q measurements. The latter is the main source of
error? in the determination of tan 8. Since well-calibrated
frequency meters, variable attenuators and a low-hum
amplifier have been employed in this measurement as
discussed above, and since half-power bandwidths can
be measured by very fine straight frequency marking
lines, total error in Q measurements can be kept within
2 per cent limits for Q ranging from 15,000 to 2,000, as

® G. Birnbaum, S. J. Kryder, and H. Lyons, “Microwave meas-
urements of the dielectric properties of gases,” Jour. Appl. Phys.,
vol. 22, pp. 95-102; January, 1951.
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was verified by many experiments. Consequently the
error in the values of tan & can be kept below 3 per cent.

OTHER APPLICATIONS OF THE MEASURING EQUIPMENT

AsQmeasuring equipment issuitable for precision, high
Q measurements, it is also applicable to measurements of
attenuation (or loss) of waveguide and determination of
surface conductivity of metal plates.

Measurement of the Attenuaiion of Waveguides

The waveguide to be measured (with axial length
equal to n#/2-\,) is connected to two adapter wave-
guides, each of (2m+1/4-)\, axial length. Since the other
ends of the adapter waveguides are shorted by end
plates and are provided with the exciting and detecting
irises, the combination acts as a cavity. After measure-
ment, the waveguide sample is disconnected and the
adapter waveguides are connected to each other to
constitute a cavity which resonates at the same fre-
quency as the one including the waveguide sample.
The attenuation of the sample can then be calculated
from the Q values of the two cavities. As an example,
the attenuation of drawn WR 112 waveguide samples
(axial length equal to 1 foot) was measured by this
method in 9,000-mc band. Relative values of measured
attenuation, as compared with theoretical attenuation
of pure copper waveguide, were found to be: Depending
upon their wall roughness, 1.05~1.25 for drawn copper
waveguide samples, and 1.55~2.10 for drawn bronze
(90 per cent copper) samples. Accuracy of these meas-
urements is considered to be within 3 per cent.

Measurement of the Surface Loss of Metal Plates

Because the Q of a cylindrical cavity varies with the
surface loss of the end plates, the relative surface loss
of metal plates can be found from the deviation of the
cavity Q (from a standard), when the cavity is fitted
at one end with the metal plate in question. The authors
measured the relative surface losses of copper plates,
silverplated plates, etc., in the 9,000-mc band. A brief
report on these measurements was published in a letter
in the December, 1954, issue of this journal.
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Transistor Amplifiers for Use in a Digital Computer”
Q. W. SIMKINSt, ASSOCIATE MEMBER, IRE, AND J. H. VOGELSONGTY, MEMBER, IRE

Summary—Several transistor pulse-regenerative amplifier cir-
cuits suitable for use in a 3 megacycle digital computer are described.
These circuits all utilize a type of feedback which is essentially ex-
ternal to the transistor. As a consequence, & negative resistance
transistor characteristic is not required. Some of these circuits were
designed specifically to be relatively tolerant of the slow recovery of
reverse impedance found in many germanium diodes.

INTRODUCTION

NE of the more important units which has been
@ developed for use in a high speed special pur-
pose digital computer is a transistor pulse-re-
generative amplifier with external timing. Various cir-
cuit configurations for this application, as well as some
general design principles, are described in this paper.

Before proceeding further, it would be well to con-
sider the environment of these amplifiers to properly
assess their role. The computer for which the amplifiers
are intended is synchronous, serial, and binary. The
basic pulse rate is 3 megacycles. Storage is provided by
delay lines. For delays in the order of word times or less,
electrical delay lines are used, while for longer delays
requiring larger storage capacities, acoustic delay lines
are used. Logical operations such as AND, OR, and
INHIBIT are performed by germanium diode circuits.
Transformers in the amplifiers provide pulse inversion
where necessary for inhibiting.

Pulses are attenuated by the loss in these various
passive circuits. In addition, stray capacitance and, in
particular, limited bandwidths and nonlinear phase
characteristics of delay lines introduce distortion and
perturb timing. To offset these effects the regenerative
amplifiers are used. At each of these amplifiers, pulses
are amplified and reshaped. Under control of a clock
signal applied to each amplifier pulses are also retimed.

Different approaches to the design of pulse-regen-
erative amplifiers are possible. One type of amplifier
utilizing base circuit resistance for feedback has been
described in detail.! The performance of such a circuit
is based on its ability to switch between two points of
stability on a negative resistance emitter characteristic.?
The general type of amplifier to which the scope of this
paper will be limited, however, makes use of feedback
which is essentially external to the transistor. Fig. 1
shows two logical arrangements for such an amplifier
in block form. This principle of external feedback was

* Original manuscript reccived by the IRE, August 4, 1955,

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

1J. H. Felker, “Regenerative amplifier for digital computer
applications,” Proc. IRE, vol. 40, pp. 1584-1597; November, 1952.

2 A. E. Anderson, “Transistors in switching circuits,” Proc. IRE,
vol. 40, pp. 1541-1558; November, 1952. B. G. Farley, “Dynamics
of transistor negative resistance,” Proc. IRE, vol. 40, pp. 1497~
1508; November, 1952.

applied to vacuum tube circuits by the Bureau of Stand-
ards in the SEAC Computer.?

During the course of the investigation to produce a
suitable amplifier, various configurations were designed
and considered. Initially, a linear amplifier was con-
structed for use in an arrangement such as indicated in
Fig. 1. To improve the efficiency of operation, the
operating range was soon extended so that in all suc-
ceeding designs the transistor has been driven from be-
low cutoff to some degree of saturation. In the first few
models, feedback was used for retiming purposes only.

INPUT
T lanp
A
e AMPLIFIER
CLOCK ouTPUT
- [~
I ~. —t
I .
{
AND
FEED3ACK
(a)
FEEDBACK
L_ AMPLIFIER
INPUT — | OUTPUT
— ' or AND l --
CLOCK (b)

Fig. 1—Logical configurations for a pulse-regenerative amplifier.

Relatively low gain in these models led to the extension
of the use of feedback to directly increase the gain. As
a beginning in this respect a linear feedback, in which
the amount of feedback is directly proportional to the
output pulse voltage, was tried. This was found to pro-
duce unreliable triggering, since, with the amplifier
output load competing with the feedback circuit for
current available from the collector, the feedback fre-
quently failed to become fully established. Gated feed-
back then was produced as a solution to this problem.
With this type of feedback, all of the current to be fed
back to the emitter becomes available during the first
few volts rise at the collector. A back-biased diode can
therefore prevent the amplifier load from taking cur-
rent until the feedback has been established. Limita-
tions in some components presently available, however,
cause these circuits to be more complex than would
otherwise be necessary. As a consequence of this situa-

3 R. D. Elbourn and R. P. Witt, “Dynamic circuit techniques
used in SEAC and DYSEAC,” Proc. IRE, vol. 41, pp. 1380--1387;
Qctober, 1953.
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Fig. 2—Typical diode characteristic.

tion, a somewhat simpler amplifier has been designed
around a semi-gated feedback. In this circuit, an initial
gated feedback current is augmented by additional
linear feedback current.

DESIGN OBJECTIVES

The over-all design of the computer and the intended
role of the regenerative amplifier, as described in the
preceding section, served as a guide in setting the ampli-
fier design objectives. In the succeeding paragraphs,
these objectives are discussed.

One of the first considerations in the design of the
amplifier is the rise time required in the output pulses.
For 3 mc operation with a fifty per cent duty factor the
pulse length will be 0.17 microsecond. To provide time
margins and to insure proper operation of the logic cir-
cuits and delay lines, the flat portion on top of the pulse
should be at least 0.08 to 0.10 microsecond in duration.
This means that rise and fall times of the order of 0.04
microsecond or less are required. Since the synchroniza-
tion of the computer is maintained by the clock timing
wave, the time relation of the amplifier output pulses
with the clock must also be held within about 0.04
microsecond or less.

Another design requirement, gain, should be de-
fined. With amplifiers of the type to be described, a
useful definition is the ratio of peak output pulse power
to peak input pulse power. (Peak pulse power is the
product of pulse voltage and current during the flat-
topped portion of the pulse.) Gain will have this mean-
ing in all the material to follow. For a practical com-
puter design, it has been decided that a single amplifier
should have at least sufficient gain to drive three other
similar amplifiers with one intervening stage of logic.
This amounts to from six to ten db gain depending on
voltage and current levels employed. Additional gain
can be used to make computer design more economical.

Several factors influence the choice of operating volt-
age and current levels in the amplifier. It is desirable,

January
1 +20v
L1
6.2K
INPUT
NO.1
O— ¢
ésm K
INPUT T OUTPUT
NO.2 —20V (TO AMPLIFIER)
C ; = b P O
fs.m ﬂk
1
1-20V -V

VOLTAGE, V —>

CURRENT, [ —>

Fig. 3—Diode AND circuit and input V-1 characteristic.

of course, to keep power dissipation low, so from this
standpoint, both voltage and current levels of signal
pulses should be low. On the other hand, minimum pulse
voltage depends on the threshold voltage deemed
necessary to provide adequate margin at the amplifier
input. Also, it is also affected by nonlinear character-
istic of germanium diode, as seen in Fig. 2. Stray capac-
ity, and speed of triggering, limit minimum current.
Another important consideration in amplifier design
is the nonlinear voltage-current characteristic of diode
logic circuits into which amplifier must be capable of
operating. As an example, AND circuit and its voltage-
current characteristic with one input pulsed appear in
Fig. 3. V-I characteristic is seen to have a low incre-
mental impedance region at low voltage and a high
incremental impedance region at higher voltages.

COMPONENT LIMITATIONS

Forward and reverse transient effects associated with
presently available germanium diodes require special
consideration in the design of these regenerative cir-
cuits. In practice, the reverse transient has been more
troublesome than has the forward transient, solely be-
cause in a considerable number of diodes the forward
transient effect has been found negligibly small. For
this reason, one of the input circuits described in the
following section has been designed to have a critical
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Fig. 4—Transistor output circuits with clipping diodes.

part of the operation depend on changing a diode from
the reverse to the forward state, rather than the con-
trary. In addition, forward current in diodes in sensitive
positions is usually limited to less than 5 milliamperes,
since transient effects are more pronounced at the higher
current levels.

“Minority carrier storage” in transistors presents
another limitation. This effect is characterized by a slow
return of the collector to a high impedance following
an interval in which the collector has been driven to
saturation. As a result, pulses are not terminated im-
mediately upon the application of turn-off conditions
when the collector is saturated. In the circuits to follow,
the combination of a reasonably well controlled emitter
current and collector load is used to combat pulse-
broadening resulting from hole-storage. Initially, the
collector is driven into saturation. As the pulse con-
tinues an increasing magnetizing current flows in the
mutual inductance of the coupling transformer. This
current causes the collector to come out of saturation
at approximately the desired time as set by the clock.
As a result of differences in transistors and in trans-
formers, not all units reside in the saturated condition
for the same interval, so some dispersion in pulse widths
is present. The variability appears to be acceptable with
no further circuit adjuncts. If further evidence should
indicate otherwise, improvement can be obtained
through use of a clipping diode as in Fig. 4 to modify
the collector load so as to prevent driving the collector
to saturation. In this case, the clipped portion of the
pulse is no longer available to the external load.

CiIrcUIT DESCRIPTIONS

Common Features

In the following sections pulse-regenerative amplifiers
ol three types are described. They differ mainly in the

1=tV 1-20v

Fig. 5—Dulse-regenerative amplifier input circuit.

manner in which the feedback action takes place. The
first type uses a feedback circuit for retiming the pulses,
but this feedback is not used to increase the amplifier
gain. In the second section several amplifiers with
gated feedback are described. Here the feedback en-
hances the amplifier gain. A gating circuit in the feed-
back loop permits operation into loads having nonlinear
impedance characteristics and insures positive and fast
triggering. The third amplifier type described employs
semi-gated feedback. In these circuits a combination of
gated and linear feedback is used and a somewhat
simpler configuration results.

All of the amplifiers to be described have several fea-
tures in common. They all make use of a grounded base
point-contact transistor amplifier which is driven from
cutoff to saturation. Since these circuits do not depend
on a negative resistance input characteristic, junction
transistors should be applicable. Junction transistors
with the required bandwidth, power handling capability,
and breakdown voltages have not been available in
quantity, however. In the circuits to be described, the
Western Electric GA-52514 point-contact transistor has
proved satisfactory in the grounded base connection.
It appears that with point-contact transistors operating
under the conditions imposed by the pulse-regenerative
amplifier requirements, this is the most satisfactory
connection, providing more gain than either the
grounded emitter or grounded collector arrangement.

A second feature the circuits have in common is an
AND circuit with the incoming signal and the clock as
the two inputs. One form of this circuit is shown in Fig.
5. The values of the circuit constants are typical values
that can be used to explain the circuit operation. The
clock is a 3.0 megacycle sine wave with an amplitude of
approximately 5.0 volts rms. In the absence of an input
signal and with the clock wave sufficiently positive to
cut off the clock diode, Dy, the potential at the emitter,
as set by the voltage divider, is essentially —1.0 volt.
Diode D; conducts approximately 2.1 milliamperes and
the clamp diode, Dj;, conducts about 0.3 milliampere.

The voltage-current characteristic of the transistor,
as seen from the emitter, varies somewhat from tran-
sistor to transistor and also depends on the collector
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Fig. 6—Tyvpical emitter characteristic for a GA-52514 transistor.

load, but a tvpical characteristic is shown in Fig. 6. The
“break point” is seen to be the point in the characteristic
at which the emitter emerges from cutoff, or its high
impedance state, to the active region in which the im-
pedance seen at the emitter may be a very small posi-
tive resistance or a slightly negative resistance. The
break point potential for transistors used in any of the
amplifiers to be described is usually within several
tenths of a volt of ground potential. The current at the
break point is usually positive and less than 50 micro-
amperes.

In the circuit of Fig. 5, it can be seen that in the ab-
sence of an input pulse the emitter will be held below the
break point and the transistor will be cut off. A coinci-
dence between an input pulse and the positive portion
of the clock voltage wave, however, will result in the
emitter potential being brought up to the break point
and in the circuit of Fig. 5 approximately 2.0 milliam-
peres of emitter current will result. In this pulse condi-
tion, diodes D; and D, will be held cut off by the input
pulse and diode D; will be kept back-biased by the posi-
tive clock. When the clock swings negative D; will con-
duct and the emitter potential will follow the clock sine
wave, cutting off the transistor regardless of the poten-
tial on the input signal lead.

The principal disadvantage of the type of input AND
circuit shown in Fig. 5 is that it imposes fairly rigid re-
quirements on the transient behavior of diode D,. If
this diode is slow to recover its high back impedance
after forward conduction, the amplifier may be trig-
gered on every time the clock goes positive.

A second type of input AND circuit is shown in Fig.
7. Again, both a positive clock and an input pulse are
required to raise the emitter voltage over the break
point. With the clock positive and no input pulse pres-
ent, the emitter voltage can come up to only about
—1.0 volt and no emitter current will low. Diode D,
clips the clock and therefore limits the flow of current
through D, to approximately 2.0 milliamperes. This
leaves D; conducting about 0.4 milliampere, thus clamp-
ing the emitter potential to —1.0 volt. With an input

pulse present, D, and Dj are cut off and approximately
1.7 milliamperes flows into the emitter. When the clock
goes negative, the current source for the emitter is re-
moved, and the transistor turns off. During the negative
clock swing, the emitter potential follows the clock.

In this configuration, the reverse transient require-
ments on the diodes are not so severe. More clock power
is required, however, and the pulse rise is slowed down
due to the sinusoidal clock waveshape. Considerable
improvement could be effected in the performance of
this circuit if a square wave clock source were used, but
the advantages do not justify the additional complexity
of the clock source and the distribution system. The
addition of a dc bias of 42 volts to clock has made cir-
cuit somewhat more efficient and improves waveshape.

A third feature common to all the amplifier circuits
under discussion is the transformer output coupling
circuit. The difference in dc voltage levels at the tran-
sistor collector and load circuits makes ac coupling neces-
sary. Transformer coupling has several advantages.
First, an impedance transformation can be made which
results in considerably more usable amplifier gain.
Second, with transistor circuits of this type, dc restora-
tion can be more readily obtained with transformer,
rather than condenser, coupling. This type of output
circuit also provides a more efficient means of supplying
the dc power to the transistor collector. Still another
advantage is that both positive and negative pulses can
be made available at the amplifier output.

Several things should be mentioned in connection
with the dc restoring features of transformer coupling.
Short rise times are required so very tight coupling is
used in these transformers and the leakage inductance
is small. The transformer equivalent circuit consists
then of the parallel combination of the mutual induct-
ance, shunt capacity, and an equivalent loss resistance
which is normally large. To effect complete dc restora-
tion, it is necessary that any energy stored in the mutual
inductance and shunt capacity during the pulse interval
be dissipated in the interval between pulses. With a 3.0
megacycle pulse repetition frequency, this is 0.17 micro-
second. The constants of the transformer and associated
circuitry are chosen such that the tuned circuit is
slightly less than critically damped and rings at a fre-
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quency of about 3.0 megacycles. These conditions pro-
vide adequate dc restoration with minimum loss. The
loss results primarily from the build-up of energy in the
transformer mutual inductance in the form of mag-
netizing current during the pulse interval. This is the
energy which has to be dissipated in the interval be-
tween pulses. The value of the total equivalent shunt
resistance in this interval is quite important to the prop-
er operation of this circuit. If this resistance is too low,
the circuit will be overdamped, and the dc restoration
will be poor. If the resistance is too high, the overshoot
may falsely operate a succeeding amplifier. The tran-
sistor collector impedance, which shunts the transformer,
is usually of the order of 6 to 15 thousand ohms. To
reduce the effect of this large variation and to provide
sufficient damping, it is necessary to provide a resistor
and a series diode poled, so as to provide a low imped-
ance in the interval between pulses. With this arrange-
ment, little energy is dissipated in the external resistor
during the pulse interval, and the circuit eff.ciency is
not significantly impaired.

Most of the amplifiers under discussion require three
or four winding transformers. The turns ratio from pri-
mary to one of the secondaries called the feedback
winding, is normally 3 to 1, while the turns ratio of pri-
mary to output windings is usually 2.25 to 1. The mu-
tual inductance of these transformers, as seen from the
high or collector side, is nominally 260 microhenries
with a maximum variation of 420 per cent, while the
leakage reactance is only about 1 microhenry. (A reduc-
tion in the + 20 per cent tolerance would be highly de-
sirable.) Stray shunt capacity contributed by trans-
former itself is approximately 3 micromicrofarads. Addi-
tional 2 or 3 micromicrofarads of shunt capacity are due
to transistor, its socket, and stray wiring capacity.

Retiming-Feedback Amplifiers

The circuits shown in Figs. 8 and 9 are regenerative
amplifiers in which the feedback is used for retiming
purposes only. Basically, these two are the same, differ-
ing only in the input circuit. In either one, output pulses
are returned to the input so that they are terminated
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by the clock rather than the decay of an input pulse.
Both circuits are reasonably simple but inherently have
rather low pulse gain and require transistors with high
pulse current gain to make them useful. Since circuits
very similar to these have already been described in
some detail * no further discussion is included here.
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Fig. 10—Gated feedback amplifier.

Gated Feedback Amplifiers

The circuits to be described in this section all make
use of a gated feedback path. This term is most readily
understood through consideration of the circuit of Fig.
10. The input AND circuit is similar to that shown in
Fig. 5and previously described. As was indicated, emit-
ter current commences at the coincidence of an input
pulse and the positive portion of the clock wave. The
gated feedback path consists of R;, D3, D; and the feed-
back winding of the transformer. A current of almost
10 milliamperes normally flows from the +8.0 volt
source through R;, Ds, and the feedback winding of the
output transformer to the —1.0 volt supply. Diode Ds
is back-biased by several volts so that the initial col-
lector current increment, which flows in response to the
emitter current, is in the feedback winding. This winding
is poled so that the increment of current opposes the 10

4 J. H. Vogelsong, “A transistor pulse amplifier using external
regeneration,” ’roc. IRE, vol., 41, pp. 1444-1450; October, 1953.
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milliamperes normally flowing, thereby reducing it
and raising the potential at the junction of D4 and Ds;.
When the voltage at this point reaches the emitter volt-
age, Dy conducts and part of the current in R; flows back
to the emitter. This additional emitter current causes
still more collector current to flow, diverting more of
the current in the feedback winding to the emitter via
Dy. The buildup of feedback continues until Dy is cut off
and all the current in R; flows through Dy into the emit-
ter. Throughout this interval, Ds is cut off, thus allow-
ing the feedback path to take all the collector current
without competition from the output load. \When Dy
cuts off, however, the feedback winding sces a very high
impedance, and the collector voltage rises, overcoming
the back-bias on Ds, and power is delivered to the load.

The term “gated feedback path” can now be defined
as a circuit in which a controlled amount of output cur-
rent is fed back to the input through a nonlinear im-
pedance. The nonlinear impedance is characterized by a
low incremental impecdance at currents less than the de-
signed feedback current, and a high incremental im-
pedance to currents greater than this design current.
Such a feedback path around a grounded base transis-
toramplifier, with its emitter biased below cutoff, permits
operation as follows:

1. The coincidence of an input pulse and a positive
clock raises the transistor emitter potential over
the break point and causes a small “trigger” cur-
rent to flow into the emitter.

2. The resulting collector current is fed back to the
emitter through the low impedance of the gated
feedback path.

3. The gain in the feedback loop causes the feedback
current to increase rapidly until the design amount
is reached and the feedback impedance switches to
a high value.

4. The output voltage is then permitted to rise and
the load is allowed to take the output current. This
operation permits a small “trigger” current to con-
trol a large output current, thus providing high
pulse gain.

While the circuit of Fig. 10 is useful in explaining
gated feedback, it has a serious disadvantage. The nega-
tive excursion of the clock and the consequent drop in
voltage at the junction of Dy and Dj results in a pulsat-
ing current in the feedback winding and a 3.0 megacycle
ripple voltage across it. The likelihood of false amplifier
operation is consequently increased. Several mcans of
eliminating this difficulty are proposed and the resulting
amplifier circuit configurations are presented in the
subsequent paragraphs.

One method of eliminating the ripple voltage across
the transformer feedback winding makes use of an addi-
tional gate circuit in the feedback path. Fig. 11 is a
diagram of a circuit of this type with the conventional
AND circuit for the clock input. This circuit differs
from the previous circuit, shown in Fig. 10, primarily in
the addition of Ry, Ds, and D;. With this configuration
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the gated feedback current normally flows in R;, Dj,
and R, when the clock is positive. On the negative por-
tion of the clock wave, the current from R; is diverted
through D4 and Dj; to the clock. Dg conducts, however,
keeping the potential at the junction of Ds, Ds, and Dy
substantially unchanged, and preventing any current
from flowing in the feedback winding.

=+8V

=+8V

|~a20v

D3
CLOCK ==—j¢—

INPUT D2
R2
2 %7.5»(
vl d-20v =
~20v) 1-3v
Fig. 11-—Gated feedback amplifier.

In the circuit of Fig. 11, just described, both diodes
D3 and D, are somewhat critical with regard to reverse
transient characteristics. These difficulties are elimi-
nated in the circuit of Fig. 12 which issimilar to Fig. 11,

CLOCK
(BIASED AT +2V)

i-1v Y

™ D8 ouTPUT
g X T l r Ll
L
T/ J 1, tos
R2 ==
= 7.5K I e >Rs

[

|
=20Vs -3V

Fig. 12— Gated feedback amplifier.
but makes use of the ANID) circuit input in which the
clock acts as the emitter current source. Both these cir-
cuits, however, have rather high dc power dissipation
and also contain more components than some of the
other circuits to be described.

The circuit of Fig. 13 illustrates another solution to
the problem of pulsating current in the feedback wind-
ing, Here, the ac clock voltage is supplied to hboth ends
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of the gated feedback current path with a superimposed
dc voltage so that the current through R,, D; and the
feedback winding is constant in the absence of an input
pulse. The clipping potentials (—2.0 volts and +4.5
volts) are so related to the dc feedback current that
diodes D3 and D; commence conduction at about the
same time, thus maintaining constant the current in the
transformer winding.
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Fig. 13—Gated feedback amplifier.

The following approximate data apply to the ampli-
fier circuit of Fig. 13.

Pulse Power Gain 10 to 12 decibels
Pulse Input Power 7 milliwatts
Clock Power 35 milliwatts

DC Power (ldle Condition) 225 milliwatts

No adverse effects due to poor diode transient response
were noted in this circuit operation. Principal objection
lies in its complexity, particularly in that two clock volt-
ages biased at different dc levels are required,
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“5.6R 2910
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U P 1,
=
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[ 3 |
B o' le
RI i )
21 < 7.5k 03 cLock =
o o1 8
-1v1 1-20v =20vI -3V

Fig. 14-—Gated feedback amplifier with base timing.

Still another circuit employing gated feedback is
shown in Fig. 14. This configuration is unique among
those presented in that the input AND circuit does not
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consist of diodes and resistors alone, but makes use of
the transistor as well. It can be seen that the clock is
applied to the base through a diode, D;. When the clock
is positive, D7 is cut off and D, conducts, raising the base
voltage and consequently keeping the transistor cut off.
On the negative portion of the clock wave D; is back-
biased and D; conducts, holding the base voltage near
ground. This permits an input pulse to cause emitter
current to flow but keeps the emitter back-biased if no
input pulse is present. The feedback circuit is exactly
analogous to one previously described and illustrated in
Fig. 10. Since the clock is applied on the transistor base
rather than at the emitter, there is no difficulty with a
pulsating current in the feedback winding of the trans-
former.

Semi-Gated Feedback Circuils

The final circuits to be described are those which
combine some of the characteristics of gated and linear
feedback. I'ig. 15 is an example of this type with emitter
current derived from the clock source. As in the other
circuits in which emitter current is provided in this way,
thiscircuit is moderately insensitive to the reverse trans-
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Fig. 15—Semi-gated feedback amplifier.

ient effect in diodes. In comparison with the preceding
gated feedback amplifiers, it is relatively simple with
low dc dissipation and comparable gain. On the other
hand, the clock power required is relatively high, and
the pulse turn-off point is less consistent for different
transistors. Typical characteristics for this amplifier are:

10 to 12 decibels
7 milliwatts

40 milliwatts
100 milliwatts

Pulse Power Gain

Pulse Input Power

Clock Power

DC Power (Idle Condition)

As in the previous circuits, the feedback is the dis-
tinguishing feature of this amplifier, so the description
will be centered primarily on it. Again, it will be helpful
to consider first how the feedback circuit works when no
input signals are applied, and then note the change in
its functioning when these signals are present.
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During the interval when the applied clock voltage is
more negative than —1.0 volt with respect to ground,
diodes D, and D¢ in Fig. 15 are back-biased. As the clock
becomes less negative and reaches approximately —1.0
volt, current commences to flow from the clock source
through resistor R,. This current divides with essentially
one-fourth going into resistor R, and three-fourths into
resistor Ry and diode D¢ to —1.0 volt. The current in
R, and Ds increases to a maximum of about 5.5 milli-
amperes where it remains while the positive peak of the
clock voltage wave is clipped by diode D;. As the clock
wave recedes, this current decreases steadily until it
becomes zero for applied clock voltages more negative
than —1.0 volt. It should be noted that diode D4 has
essentially zero bias during the period when the clock is
more positive than —1.0 volt.

When an input signal is applied to the amplifier, the
feedback operation is somewhat more involved. With
the clock more negative than —1.0 volt, the perform-
ance is the same as before. As the clock reaches —1.0
volt, current again commences to flow from the clock
source through Ry, but this time it does not divide imme-
diately. For the short interval until the potential at
point A reaches the break point, all of this current flows
through R, and D to —1.0 volt. By the time it reaches
about 1.0 milliampere, however, point A reaches the
break point potential, so current begins to flow to the
transistor emitter through R,. As the clock voltage con-
tinues to rise toward the clipping level, the currents
through both R, and R, increase. The R, current, which
levels off at approximately 1.5 milliamperes, is the trig-
ger current responsible for the initial current in the col-
lector. This collector current, modified by the trans-
former turns ratio (typically 3:1) is fed back to the
emitter via diode D,. As long as the current gain around
the loop exceeds unity, therefore, emitter and collector
currents increase with no increase in the external drive.

Inspection of Fig. 15 shows that the source for the cur-
rent, through diode D4 and the transformer feedback
winding is the same as that for the current through
diode Ds, namely, the clock supply through resistors
R, and R,. In fact, the current through Dj represents a
diversion of current from Ds as result of a relatively
small voltage induced in the feedback winding. Specifi-
cally, this voltage is the difference between the potentials
at the emitter and point B, in addition to the forward
drop across Dy, or a total of about 1.5 volts. Until the cur-
rent through D, increases to about 6.0 milliamperes,
point B is clamped to —1.0 volt through the low for-
ward impedance of Dg. While point 4 is held at about
+5.0 volts by Dy, the current through D, cannot exceed
6.0 milliamperes until D is cut off. As point B then be-
comes more negative than —1.0 volt, a second stage of
feedback begins.

After D¢ has been cut off, the incremental feedback
becomes linear in nature. Each additional volt devel-
oped across the feedback winding produces an additional
milliampere of feedback current (for Ry=1,000 ohms).
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Since the input impedance at the emitter is low com-
pared to 1,000 ohms, the additional voltage is evidenced
primarily by a drop in potential at point B rather than
as a rise at the emitter. Typically, point B drops to —3§
volts with respect to ground. The buildup of feedback is
terminated by the collector being driven to saturation.

To aid the establishment of the full feedback current,
diode D, is normally back-biased by about 1.5 volts as in
the gated feedback circuits. This prevents the load from
diverting current from the feedback loop until an ap-
preciable feedback current is provided. The current
gain in the loop might otherwise be reduced to the ex-
tent that a full output pulse could not be produced.
Many of the nonlinear loads to be driven present a very
low incremental impedance initially and thereby ag-
gravate this condition. It appears, therefore, that limit-
ing the ratio of linear to gated feedback is desirable,
since gated feedback was designed specifically for this
condition. Some linear feedback may be used to com-
pensate for the buildup of magnetizing current in the
coupling transformer since this quantity is greatest at
the end of the pulse interval and is essentially zero at
the start. The buildup of magnetizing current should
not be allowed to bring the transistor collector out of
saturation until the end of the pulse interval, however.
When this occurs, the pulse voltage “rolls off.” With
linear feedback, emitter current is decreased by any
shrinkage of the pulse, and the decrease in emitter cur-
rent acts to reduce the pulse still more.

Decreasing the linear-to-gated feedback ratio in the
amplifier of Fig. 15 requires increasing the clock power.
On the other hand, a circuit is shown in Fig. 16 in which
the ratio is a function of dc, rather than clock, power.
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Fig. 16—Semi-gated feedback amplifier.

Specifically, the ratio can be made smaller by an increase
in E, the dc supply for the feedback current.

Although the trigger and feedback currents are sup-
plied from dc sources in this amplifier, the basic perform-
ance of the feedback circuit is similar to that of the one
just described. Slow recovery of reverse impedance in
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diode D, can degrade performance, however, as in the
preceding circuits using the input AND circuit of Fig. 5.

TrANSISTOR CHARACTERISTICS

To provide reasonably uniform circuit performance,
several requirements have been established for the
transistors. These requirements are listed below and in
this form should be interpreted algebraically. The con-
vention of positive currents flowing into the device ter-
minals is used.

1. I. (I,=8, V.= —-3)< —17.0 milliamperes
2. I. (I,=0, V.= —20) 2 — 3.0 milliamperes
3. fe (I,=1, V.= —20)= 10 megacycles

4. —0.25 volt £ Break Point < +0.25 volt
S. Ve(Ie=—12, V.= —10)= —0.5 volt

The quantities in parentheses specify the biasing con-
ditions for the various measurements; all current values
are in milliamperes, while voltages are listed in volts.

The first requirement, in conjunction with the second,
is to ensure sufficient pulse current gain in the amplifier.
In addition, the second requirement also serves to limit
the idle condition power dissipation within the tran-
sistor. For the third requirement, a lower limit is placed
on the alpha cutoff frequency since pulse rise time is re-
lated to this quantity, as indicated in the analysis in the
Appendix. The range of permissible break points, or
emitter cutoff voltages, is limited in the fourth require-
ment, so that a maximum input trigger voltage can be
specified. The final requirement, a minimum limitation
on emitter voltage for a specific operating point, is in-
cluded to ensure return of the transistor to cutoff in re-
sponse to the clock. Transistors with high base resist-
ance and a consequent V,(—12, —10) considerably more
negative than the limit may “lock-up” in a high con-
duction state. The following section deals with this con-
dition in more detail.

Lock-up

When this anomalous type of operation occurs, the
transistor reaches a high current static condition in
which excessive power may be dissipated within the
unit. In the material to follow, a heuristic explanation
of lock-up, based partially on the static characteristics
of the transistor, will be given.

In Fig. 17 the collector characteristics of a typical
GA-52514 transistor are shown. Drawn on these char-
acteristics in solid lines is a load line for the normal
amplifier load. In normal operation, the transistor starts
at point 4 with zero emitter current. As the emitter
current increases, the operating point follows the load
line to point B at which the emitter current has reached
its peak value. During the “flat top” portion of the
pulse, the emitter current is essentially constant. Vag-
netizing current in the output transformer, however,
modifies the solid line load line in the drawing by shift-
ing it to the left. This, of course, is an over-simplified
picture of a transient phenomenon, but for our pur-
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poses it is adequate. The load line at several times within
the pulse interval is shown by the dotted lines. The
“droop” on the back edge of the pulse is seen to be the
result of the load line moving out of the saturation re-
gion. Now, when the clock swings negative and the
emitter current starts to decrease, the operating point
on the collector characteristics follows the dotted line
vertically downward to point C where the characteristic
breaks sharply. The operating point then follows the
nearly horizontal load line back to point 4.
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Fig. 17—Typical GA-52514 transistor collector characteristics.

The possibility of lock-up in the high conduction
state results from the fact that the emitter current is not
supplied from a perfect current source controlled by the
clock. Another factor which must be determined, there-
fore, is the emitter voltage during the turn-off interval.
A consideration of the V,— I, characteristic shows that
the emitter voltage reaches its minimum value at the
break in the load line. For the transistor to be turned
off, the clock voltage must be sufficiently negative to
hold the emitter voltage at or below this critical value
for sufficient time. The time required depends on the
transient response of the transistor and the degree of
saturation of the collector. The delay in turn-off caused
by minority carrier storage is minimized in these circuits
by virtue of the magnetizing carrent pulling the tran-
sistor out of saturation before the end of the pulse in-
terval.

If the clock does not turn off the transistor at the end
of the pulse interval, the load line in Fig. 17 continues
to move to the left. At the time of the next negative ex-
cursion of the clock, the break in the load line is still
further to the left (higher collector current), and the
critical emitter turnoff voltage is still lower. As a result,
the transistor never turns off. Ultimately, the load line
extends so far to the left that the collector voltage drops
to the collector supply voltage (—20v.) and the tran-
sistor is said to be locked up.

The condition existing at the emitter when a tran-
sistor is locked up is of interest. In a number of these
particular units the emitter potential drops almost to
the potential at the collector, indicating a very low
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emitter-to-collector impedance. When this occurs, the
power dissipated in the transistor is approximately the
product of base current (in the order of 20 milliamperes)
and collector voltage (20 volts).

Transistors which might tend to lock up in the am-
plifier circuit are virtually all eliminated through the
imposition of the requirement on V.(—12, —10). A more
desirable requirement would be the emitter voltage cor-
responding to the break in the load line on the collector
characteristic (V.= 20 volts, I.~15 ma). Unfortunately,
this corresponds to a rather high power dissipation and
could not safely be measured statically. The correlation
between V,(—12, —10) and lock-up in the amplifier cir-
cuit has been excellent, however.

It is significant that most transistors of the type em-
ployed in this amplifier do not lock up even when the
clock voltage is removed. Since during lock-up the col-
lector load is essentially a short circuit, the transistor
emitter characteristic (V. vs I,) with the collector short
circuited is shown in Fig. 18. Superimposed on this char-
acteristic is the emitter load line corresponding to the
circuit of Fig. 15. It can be seen that transistors having
short circuit emitter characteristics of the type labeled
I have no high current point of stability and cannot lock
up. Those transistors with characteristics similar to
those shown as II and 111, however, do have a high cur-
rent stable point and might potentially lock up. Ideally,
all transistors used in the amplifier circuits described in
this paper should be of type I.
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Fig. 18—GA-52514 emitter characteristics.

CONCLUDING REMARKS

Each of the amplifiers described in the preceding sec-
tions has been built and tested. Moreover, several
hundred semi-gated feedback amplifiers of the type
shown in Fig. 15 have been built, and approximately
100 of these have been operating satisfactorily for over
10,000 hours in typical computer circuits. Operating
margins of + 20 per cent or greater, obtained by varying
supply voltages independently, have been consistently
observed in this equipment.

January

The performance of the semi-gated feedback ampli-
fier of Fig. 15 appears to be satisfactory and comparable
to that of the gated feedback amplifiers such as that
shown in Fig. 13, while it is a somewhat simpler circuit.
As in several of the amplifier circuits described, the effect
of diode reverse transients on amplifier performance is
minimized in this configuration.
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APPENDIX
Amplifier Rise-Time Analysis

As indicated in the discussion of operation, various
diodes open and close and the transistor is driven to
saturation in these amplifiers during the rise-time inter-
val. Consequently, the performance is quite nonlinear.
In the following analysis, the operation is separated into
discrete regions in which linear theory is assumed to ap-
ply. Many additional simplifying assumptions are
made to make the otherwise cumbersome expressions
somewhat more manageable as well as interpretable. In
spite of these short-cuts (or perhaps because of them),
it is believed that the solutions obtained provide a con-
siderable insight into the pulse rise performance of the
amplifier. Calculations based on this analysis appear
reasonable when compared with experimental results.

The specific circuit for which the analysis is made is
the semi-gated feedback amplifier of Fig. 15. With only
slight modification, however, the analysis is applicable
to the gated feedback amplifiers.

For the semi-gated feedback amplifier, at least five
discrete regions can be defined during the pulse rise.
The interval of the initial region extends from the in-
stant when trigger current first enters the emitter to the
time at which the voltage developed across feedback
winding of the transformer is just sufficient to overcome
the back-bias on diode D,. The duration of this interval
is extremely short and is considered negligible in the
present analysis. The second interval begins when the
first one ends and is terminated when the current
through D4 and the feedback winding rises to the value
necessary to cut off diode Ds (7.e., when this current be-
comes equal to that flowing through resistor R4). Thisis
called region I in the work that follows. A third interval
which sometimes exists begins at the end of the second
and is terminated when the voltage across the output
winding has risen sufficiently to just overcome the back-
bias on diode D;. Again this very short time interval
has been ignored.
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Two additional regions exist if it is assumed that the
amplifier drives a nonlinear load similar to that char-
acterized in Fig. 3. The interval of the first of these load
regions commences just as the back-bias of diode D; is
overcome and lasts until the load current rises to the
value corresponding to the break in the load character-
istic. This is called region 11 in the following. The other
interval called region III begins as region 11 ends and is
terminated when the transistor collector is driven to
saturation.
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Fig. 19—Equivalent circuit for region 1.

Fig. 19 shows the equivalent circuit which is assumed
for region I in which feedback current through diode
Dy rises from zero to the approximately 6 milliamperes
necessary to cut off diode Dg—in other words, the gated
feedback interval. The transformer equivalent circuit
includes a leakage inductance L, a shunt capacitance C,
and an ideal transformer with an n#:1 turns ratio. Addi-
tional elements, such as magnetizing inductance or
other capacitances are believed less important and are
deleted for simplicity. The current I is assumed to be
related to the emitter current by the expression,

1 dI()

Ao, (1[

1
Ty =—1() +
Qo

where

7o
a0 = ap + (ap — 1)‘7"’0‘0
and a, is the dc short-circuit current gain of the tran-
sistor. The interpretation of w, is more apparent if the
above relation is expressed in terms of the Laplace com-
plex frequency operator p.

1) = (i + 1) 1(p) = —— I10).

Qo Ay W, AoW,

If initial conditions are zero; i.e., I(0) =0, then

I0) = —21.4p)
p e

14+ =
we
and w. is seen to be the angular frequency at which the
factor relating I to I, is down 3 db from a,. Since for all
practical purposes a, is essentially ao, w, is essentially
the angular a-cutoff frequency of the transistor.
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One final assumption should be noted. The trigger
current is considered to be a step function. While this
is a very close approximation to the actual conditions in
the amplifier of Fig. 16, it is somewhat less realistic when
used for the amplifier of Fig. 15 in which the trigger cur-
rent is actually derived from a clipped sine wave volt-
age operating through a resistor.

Based on these conditions nodal analysis leads to the
following characteristic equation for the feedback cur-
rent:

oot B tbrtn L TO)
p Csp+Cop? +Cip+Co  p Z(p)
where
by = — n2C[1 + ro(gs + g0
by = go + g1 + nrogy — n2(1 + r.g4) |

+ nw.Clas — 1 — r.(gs + gJ)]
bo = wef(nao + 1)gs + g[1 — n2(1 + r,g4)]}
LC(gs + g.)
¢z = gogL + (o + g)w.LC + n2C{1 + 7,(gn + g0) |
go + ge(n — 1)? + wLgegs + nrogegs
— n*wClag — 1 — ro(gs + g.) |
co = w.[ge(l — nao) + g.(n — 1) + 127 o).

c3

1

The time solution for such an equation is:
I ¥(0) a Y(pr)er
IN Z(0) T
t 4 k=1 =
pe 11 (2 — 29)
=1
where the various p:’s are the roots of Z(p). Region I
ends when I equals 6 milliamperes, so with this value
substituted in the expression above and I, set equal to
1.5 milliamperes, the value of ¢ corresponding to the
length of the time interval can be determined.
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Fig. 20—FEquivalent circuit for region II.

The equivalent circuit assumed for the next region
(IT) is shown in Fig. 20. In this region, the amplifier
works into the low incremental impedance portion of
the load, and in the equivalent circuit the load is as-
sumed to be a short circuit. The feedback current es-
tablished during the preceding region is shown here as
a step function current generator labeled I5/np, since
this current remains essentially unchanged during this
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interval. Similarly, the emitter current is assumed to be
a step function current generator labeled I,/p, and on
this basis the emitter resistance is deleted.

For this region the characteristic equation defining
the load current is:

B dop? + dip + do{__
p(p + wo) (hap® + lup + ho)

Io

where
dy = (gs + £)CV2(0)
dy = I.g.+ 10)gs + (g6 + &) [0.CV2(0) — 1.(0)]
do = T aowegs + wege) — welgo + ge)IL(0)

hy = LC(gs + go)
hy = Lgog.
ho = gp + g

and

I¢=I¢+Iﬂ,(0)
I.(0) is the current through the leakage inductance
at the start of this interval,
V.(0) is the voltage across the capacitance at the
start of this interval, and
I(0) is the initial condition of the current generator
in the transistor equivalent network.

FLO) | 1(0)

I(0)~LC
© di? 1"

A time solution can be obtained as before by finding the
roots of the denominator of the characteristic equation.
By inserting the upper boundary value for I, (6 milli-
amperes), the duration of this region can thus be ob-
tained.
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Fig. 21—Equivalent circuit for region III.

For the third and final region of the analysis (III) the
equivalent circuit of Fig. 21 is assumed. In this region,
the amplifier works into the high incremental impedance
portion of the load characteristic. The load is therefore
assumed to consist of a conductance, G, referred to the
primary side of the transformer, in addition to a step
function current generator labeled I,/p. This latter com-
ponent is necessary to account for the load and feedback
currents established in the preceding regions. Another
step function current generator labeled I,/p is included
as in region I1 to account for the trigger current plus the
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gated feedback current established in region I. In
addition, the linear feedback current is introduced to
the emitter through Gp.

Leakage inductance is deleted from the equivalent
circuit, since the incremental load impedance is high.
Also, the initial voltage and current of the condenser
are assumed to be zero. I, therefore becomes 1(0).

The termination of this region is considered to occur
when the pulse voltage rises to 18 voltsat the collector,
as this is a typical condition existing when the collector
reaches saturation. Accordingly, the characteristic equa-
tion is written for the pulse voltage developed at the
collector and is:

Vz(P) = E k‘lp + ko—‘
p map® + mip + mo
1(0) tep® + w1p + 10
b (0 wdmap? + mup + mo)
where
kl = _<'G£_ + gc)
n

G
ko = wc[—ﬂ"(ao— 1) — 8§ — aogb:l

n

my = — C(Gsp + g + gv)

1 2
m; = [(ao - l)wCCGfb - chfb (1 —_ —) —GLGfb
n
Gyb
- chL - wccgc — Ebv\ 8¢ +GL + —q - wcCgb]
n-
a0 8:G 1\?
08b A chfb<1 _ __)
n

n
Gy

— g.GL — g gr+GL+—2‘]
n

G

Mo = wc[(ao — 1)G;wGL +

U = K +

1

wcl:Gfb(l + — — do) + ch + gb:l
n

1o = w2[Grs(1 — ao) + go + gl

While the equations derived are useful, the manner
in which rise time is governed by the various parameters
is more easily seen from the curves of Figs. 22 and 23,
plotted from these equations. In these, the merits of
increased transistor cutoff frequency, e, decreased shunt -
capacitance, and transformer leakage inductance can be
noted. For the range of values considered here, leakage
inductance appears to have least effect while the other
three parameters are somewhat equivalent to one
another in influence on the rise time. The total rise
times indicated here as ranging from 0.02 to 0.05 micro-
second are consistent with measured rise times ranging
from 0.03 to 0.05 microsecond.
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A Developmental Wide-Band, 100-Watt, 20 DB,
S-Band Traveling-Wave Amplifier Utilizing
Periodic Permanent Magnets”

W. W. SIEKANOWICZ{ MEMBER, IRE, AND F. STERZER

Summary—A developmental, 100-watt, S-band traveling-wave
amplifier utilizing ceramic “periodic” permanent magnets to focus
the electron beam is described. The minimum peak power output
of the tube is 100 watts at a gain of at least 20 db at frequencies from
2,000 to 3,800 magacycles per second. At lower power levels, a gain
of 36 db has been measured in the center of the frequency band. The
operating voltages for the amplifier are below 4,000 volts. The use of
“periodic” magnets in place of conventional solenoids or permanent
magnets producing uniform magnetic fields effects a considerable
reduction in the weight and size of the focusing system. Construc-
tional features of the tube which permit operation with the “periodic”
magnet are discussed. The rf characteristics of this amplifier are
evaluated, and the complete “package” assembly is described.

* Original manuscript received by the IRE, July 5, 1955; revised
manuscript received August 12, 1955. This tube was developed for
the U. S. Air Force under Contract No. AF 33(600)-24400, sponsored
by the Wright Air Development Center, Dayton, Ohio.

1 Tube Division, RC.\, Harrison, N. ]

INTRODUCTION

HIS paper describes a developmental, S-band,
TlOO-watt, 20-db traveling-wave amplifier, shown
in Fig. 1, which utilizes “periodic” permanent
magnets for focusing of the electron beam. The tube
operates at a beam duty of 100 per cent and rf power-

Fig. 1—View of “packaged” traveling-wave power amplifier including
“periodic” permanent magnets for beam focusing. I'he tube is
shown in the lower portion of the figure.
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Fig. 2—Schematic diagram of traveling-wave-amplifier assembly.

output duty of 0.1. In the present design, the rf power-
output duty cycle is limited to 10 per cent by rf heating
of the helix. This basic design is now being modified
so that it will also provide continuous rf power opera-
tion at a power-output level of at least 100 watts.

The permanent-magnet assembly used in conjunc-
tion with this tube weighs 2.8 pounds and replaces a
solenoid which, for this application, would weigh about
50 pounds. The use of the permanent magnet also elimi-
nates the power supply required to drive a solenoid.
A “packaged assembly” including the tube, the “peri-
odic” permanent magnet, and an air-cooled collector is
shown in Fig. 1. A schematic diagram of the assembly
is shown in Fig. 2.

DEscripTION OF COMPONENTS
Permanent Magnet

The design of a light-weight permanent magnet
suitable for use in a “packaged” assembly was a major
consideration in the development of this traveling-wave
amplifier. The required magnetic-field intensity is re-
duced by the use of a convergent type of electron gun
in which the cathode is shielded from the magnetic
field. When purely magnetic means are used for beam
focusing, an electron beam launched from a shielded
cathode requires a smaller magnetic field for focusing
than a beam from a cathode which is partially or totally
immersed in a magnetic field.! Calculations and prelimi-
nary experiments indicated that a uniform magnetic
field of 450 gausses would be required over a cylindri-
cal region about % inch in diameter and 12 inches long.
The weight of a permanent magnet which produced a
uniform field of 450 gausses over the required region
was considered impractical. However, consideration of
the dc parameters and of the electron-beam geometry
indicated that permanent magnets producing a “peri-

1 C. C. Wang, “Electron beams in axially symmetrical and mag-
netic fields,” Proc. IRE, vol. 38, pp. 135-147; February, 1950.

odic” magnetic field in the region of electron flow could
be built with commercially available materials.

The focusing of long electron beams by means of
periodic magnetic fields has been described previously.?—
The periodic magnet developed for use with the travel-
ing-wave amplifier is shown in Fig. 3. This type of struc-
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Hw'ﬂ'""”l"“‘ﬁj‘“wi'“"ﬁl"""'i"'l'ﬂ'-""" quqé!- W vu‘m‘s!;\mmw

-~
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Fig. 3—Sections of “periodic” permanent-magnet assemblies using
two different types of magnetic materials. The magnet at the left,
made of commercially-available ceramic, weighs 0.510 pound
per inch of axial length. The magnet at the right, made of RCA-
ceramic ring magnets, weighs 0.200 pound per inch of axial
length. Individual ring magnets and shims are shown in the lower
portion of Fig. 3.

ture, which consists of a series of ceramic ring magnets
separated by metal shims, is considerably lighter in
weight than either solenoids, or permanent magnets
which produce uniform magnetic fields.

The variation of the axial component of the magnetic
field produced by the periodic magnet is very nearly

2 J, T. Mendel, C. F. Quate, W. H. Yocom, “Electron beam
focusing with periodic permanent magnet fields,” Proc. IRE, vol. 42,
pp. 800-810; May, 1954.

3 Kern K. N. Chang, “Beam focusing by periodic and comple-
mentary fields,” Proc. IRE, vol. 43, pp. 62-71; January, 1955.

4 A, M. Clogston and H. Heffner, “Focusing of an electron beamn by
periodic fields,” J. Appl. Phys., vol. 25, pp. 436-447; April, 1954.



1956

sinusoidal, as shown in Fig. 4. For good focusing, it is
necessary that the amplitude and period of the magnetic
field in the region of the electron beam satisfy certain
conditions.? For operation in the first “pass band” using
a magnetically shielded cathode, the following relation-
ship must be satisfied:

MAGNETIC SHIMS

d
CERAMIC RING MAGNETS

600! L

MODIFIED
SHIM
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200

|
N
(=3
k=]

MAGNETIC FIELD-GAUSSES
O
i/
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~600 ¥

-4 -2 o 2 4 6 8 10 12 14 {3
DISTANCE FROM MODIFIED SHIM-INCHES

Fig. 4—Magnetic field strength of commercial-ceramic magnet,
shown in the upper portion of the figure, along the axis of the
traveling-wave amplifier,

6302L2

m

< 418

(1)

where
By=amplitude of the sinusoidal magnetic field in
webers per square meter,
L =period in meters,
V=beam (helix) voltage in volts, and
e/m=1.759 X 10" coulombs per kilogram.
In addition,

Bo = \/2B, (2)

where B, is the uniform magnetic field required to focus
the beam (often called the “Brillouin field”). This
field can be expressed as follows:®

1/2

B, = 8.26 X 104 3)

aVi

where I is the beam current in amperes and a is the radi-
us of the electron beam in meters. In practice, the mag-
netic field required for good focusing of the electron
beam is approximately 1.5 to 2 times the theoretical
value® calculated from (3).

5 J. R. Pierce, “Theory and Design of Electron Beams,” D. Van
Nostrand Co., Inc., New York, N. Y., p. 143; 1949,
¢ Mendel, Quate, and Yocom, op. cit.
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Preliminary experiments showed that the uniform
magnetic field required for focusing of the beam in this
traveling-wave tube is 450 gausses. When this value is
substituted in (2), it is determined that the amplitude
of the periodic field should be approximately 635
gausses. When this value is used for By in (1), the value
of the period L is calculated to be less than 2 inches.
Operation at short periods is desirable because the de-
gree of beam “scalloping” is reduced as the period of
the magnetic field becomes smaller.” “Scalloping” is a
periodic variation of the beam boundary caused by the
periodic nature of the magnetic field. Only a small de-
gree of beam scalloping is permissible in this tube be-
cause operation at a high beam-to-helix-diameter ratio
is necessary for good rf performance.

A periodic-magnet assembly built of commercially-
available ceramic (BaFe;;0,9) is shown at the left of
Fig. 3. This assembly consists of a series of ring magnets
and magnetic shims. The ring magnets, which are axially
magnetized, have an outside diameter of 2 inches and
are assembled so that their adjoining faces have the
same polarity. The cold-rolled steel shims provide a
low-permeance path for the flux from the ring magnets
to the useful air gap, and also reduce anv deviations
of the field from axial symmetry.

The inside diameter of the shims should be kept small
because the magnetic field strength on the axis increases
as the inside diameter of the shims is reduced. With a
smaller inside diameter, therefore, the required magnetic
field can be obtained with less magnetic material and
a lighter structure. Consequently, the radial dimensions
of the tube parts and accessories which fit inside the
shims are designed to be as small as possible. An inside
diameter of the shims of 0.525 inch satisfies both the
magnetic and mechanical requirements.

Magnetic materials having a large coercive force
make it possible to obtain high field intensities for a de-
sign having a small period. Because ceramic magnetic
materials have a large coercive force, they are suitable
for this application.

Sections of permanent-magnet assemblies built of two
different ceramic materials are shown in Fig. 3. The
magnet at the left, which is made of commercially avail-
able ceramic (BaFe;;O1), has a total weight of 7.1
pounds for its length of 13% inches. The magnet at the
right is made of a new type of magnetic ceramic de-
veloped at the RCA Laboratories. This material has a
higher energy product at the operating point for this
magnetic circuit, and, therefore, permits construction
of a smaller and lighter assembly. The total weight of
this magnet is 2.8 pounds for a length of 13Z inches. It
can be seen that both of the structures shown in Fig. 3
effect a considerable reduction in weight as compared
with the solenoid which, for this application, weighs
over 50 pounds.

The period of the assemblies shown in Fig. 3 is 40
per cent of the theoretical limit of 2 inches calculated

7 Ibid.
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from (1). The diagram at the top of Fig. 4 shows the
constructional features of the commercial-ceramic
assembly. The magnetic-field distribution about the
axis of the magnet is also shown in Fig. 4. In the region
near the electron-gun end of the tube, the desired
“launching field” for the electron beam is obtained by
the use of a magnetic shield and by the modification of
the first shim of the structure. The construction of the
magnet using the RCA developmental ceramic is simi-
lar to that shown in Fig. 4 except that the outside diam-
cter is 11 inches. Average peak magnetic-field intensity
of the periodic magnet using RCA ceramic is 600 g.

Electron Gun

The electron gun used in the traveling-wave tube is a
convergent type in which the cathode is shiclded from
the magnetic field. The gun has a perveance® of 1.2
micropervs and a mean cathode-current density of 180
milliamperes per square centimeter at a collector cur-
rent of 250 milliamperes. The initial design of the cath-
ode and the focusing electrodes was based on information
given by Pierce? and Helm, Spangenberg, and Field.!?
Electrode shapes were subsequently modified slightly
on the basis of actual dynamic measurements to main-
tain the anode interception as low as possible and to
obtain the required perveance. Under normal operating
conditions, the current intercepted by the anode is
less than 0.2 per cent of the cathode current.

Helix

The helix consists of 0.030 inch molybdenum wire
wound at a pitch of 0.100 inch. The helix, which has an
inner diameter of 0.218 inch, fits into precision glass
tubing.

Helix-10-Coaxial-Line Transducers

“Coupled-helix” transducers are used to feed rf energy
into and out of the tube. This method of coupling is
based on the transfer of electromagnetic energy ob-
tained between too oppositely-wound helices when the
outside helix is designed to have proper pitch and
length with respect to the inside helix.'''? Couplers of
this type provide a good match over a very wide range
of frequencies. The standing-wave ratio of the trans-
ducers, measured in the absence of the electron beam,
is below 1.7 in the frequency range from 2,000 to 4,000
megacycles per sccond, as shown in Fig. 5.

8 For an electron gun operating nunder space-charge limited con-
ditions, the cathode current Ic (amps) is related to the anode voltage
Va (volts) as follows: I.= K X107% I/g32, where K is the perveance in
micropervs.

¢ Pierce, op. cit.

19 R. Helm, K. Spangenberg and L. M. Field, “Cathode design
procedure for electron beam tubes,” Elec. Comm., vol. 24, pp. 101-
107; March, 1947.

10. G. Owens, “Coupled helix attenuators for traveling-wave
tlgnls)gs,” Tech. Rept. No. 68, Stanford University, California; August,
1953.

12 R. Kompfner, “Some theory and experiments on coupled
helices”; paper presented at the Conference on Electron Tube Re-
search, Palo Alto, Calif.; June 19, 1953.
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Fig. 5—Voltage standing-wave ratio of “coupled-helix” type of helix-
to-coaxial-line transducer as a function of frequency.

The “coupled-helix” tranducer is well-suited for use
with a periodic magnet because its radial dimensions can
be made small. The mechanical construction of the
coupler is shown in Fig. 6. The inner conductor of the
coaxial line of the transducer is extended to form the
outside helix. The coaxial line is brought out through
a slot cut in the magnetic shim of the ceramic magnet
and through semicircular holes provided in the adjoining
ring magnets. Because these modifications to the mag-
netic circuit are very small, they have a negligible effect
on the axial component of the magnetic field.

SECTION OF "PERIODIC”
PERMANENT MAGNET
ASSEMBLY

DIELECTRIC SLEEVE

"N OUTSIDE HELIX

METAL SLEEVE

7 '
CONNECTOR !

Fig. 6-—Coupled-helix type of transducer built into a magnetic
shim of “periodic” permanent magnet.

Altenuator

The attenuator used for stabilization of the tube is
also of the “coupled-helix”!? type, as shown in Fig. 7.
The attenuator helix is wound on a thin ceramic sleeve,
and carbon is then deposited throughout the volume of
the porous ceramic by pyrolvsis of methane gas at a
temperature of about 1,000 degrees C in a rotating
quartz bottle.’* This attenuator has high power-
dissipating capabilities. Attenuation is achieved by the

13 Ibid.

4 The application of carbon to the ceramic sleeve was performed
at the Pyrofilm Resistor Co., Morristown, N. ]., under the direction
of Dr. J. M. Hinkle.
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transfer of energy from the helix of the tube to the at-
tenuator helix, and the dissipation of the energy in
the carbon. A quadrifilar attenuator helix provides more
uniform attenuation over the desired range of frequen-
cies. Position of the attenuator along the bulb of the
tube is adjusted for best rf performance during prelimi-
nary tests; the ceramic sleeve is then sealed to the bulb.

Packaged Design

The packaged design of the developmental traveling-
wave amplifier shown in Fig. 1 includes commercial-
ceramic ring magnets for focusing of the electron beam
and has a total weight of 11 pounds. The use of RCA
developmental ceramic permits design of a “package”

which is 4.3 pounds lighter. The air-cooled collector is

capable of dissipating at least one kilowatt of continu-
ous dc power. The input and output terminals of the
amplifier use standard coaxial-line bnc connectors. The
total length of the assembly is 21 inches.

LLF 1=HAND—WOUNL
QUADRIFILAR OUTSIDE HELIX

CARBON-IMPREGNATED
CERAMIC SLEEVE

RIGHT-HAND-WOUND
INSIDE HELIX

ATTENUATION—db

S S G
3500

2500 3000
FREQUENCY —Mc
Fig, 7—Coupled-helix type attenuator and it=
frequency characteristic.

TuBE CHARACTERISTICS
DC Performance

The dc performance of the traveling-wave tube using
“periodic” magnets for focusing of the electron beam is
as follows: when the tube is operated at the collector
current of 250 milliamperes required to provide the
desired rf performance, the current intercepted by the
helix is less than one per cent of this value.

RF Performance

The design objectives for this tube were a minimum
peak power output of 100 watts at a gain of at least 20
db over the widest possible frequency range centered
at 3,000 megacycles per second at electrode voltages
below 4,000 volts. When a collector current of 250 milli-
amperes is used and the helix voltage is held constant
at 3,750 volts, maximum frequency bandwidth is ob-
tained for large signal levels. Power output and small-
signal gain measured under these conditions are shown
as functions of frequency in Fig. 8. The rf peak power
output obtained at rf peak power inputs of 1 and 0.5
watts is shown by curves 4 and B, respectively. A
minimum power output of 100 watts at a gain of at
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Fig. 8—RF peak power output and small-signal

gain as functions of frequency.

least 20 db is obtained at frequencies from 2,000 to
3,800 megacycles per second. When the rf peak power
input is 0.5 watt, the tube operates under “saturated”
conditions from 2,800 to 3,200 megacycles per second,
but below saturation from 2,000 to 2,800 megacycles
per second and from 3,200 to 3,800 mcps.

The small-signal gain, measured for an rf peak input
power of about 11 milliwatts, is shown by curve C of
Fig. 8. The small-signal gain is 36 db in the center of
the frequency band, but drops to lower values at higher
and lower frequencies.
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Fig. 9-—RF peak power output as a function of f peak power input.

Peak power output is shown in Fig. 9 as a function of
peak power mput at three frequencies. Values of helix
voltage and collector current are the same as those
used in Fig. 8. The tube “saturates” at lower input-
power levels in the center of the band than at higher or
lower frequencies.
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If the tube is required to operate over only part of
the band, a power output higher than that shown for
broadband conditions can be obtained. The “saturated”
rf peak power output and efficiency are shown in Fig.
10 as functions of helix voltage at three frequencies.
At low frequencies, a peak power output of 230 watts
at an efficiency of 22 per cent can be realized by adjust-
ment of the helix voltage to a value favorable for the
low-frequency range. This value compares with a power
output of 180 watts and an efficiency of 19 per cent when
the helix voltage is adjusted for broadband operation.

If the use of a lower power level and gain is desired,
the tube can be operated at a reduced collector current.
The saturated rf peak power output and corresponding
gain and helix voltage are shown in Fig. 11 as functions
of collector current.
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The maximum small-signal gain and the correspond-
ing helix voltage are shown as functions of collector cur-
rent in Fig. 12. The maximum small-signal gain at any
value of collector current is 5 to 10 db higher than the
gain at “saturation.” In addition, the helix voltage re-
quired for maximum small-signal gain is lower than the
helix voltage for maximum gain at large signal levels.
The rf peak power output and gain are shown in Fig. 13
as functions of rf peak power input at constant and op-
timized helix voltages at a frequency of 3,500 mega-
cycles per second. The curves of Fig. 13 indicate how
the linearity of the tube can be improved by proper
adjustment of the helix voltage. Curve D of Fig. 13
shows the gain obtained at a constant helix voltage of



1950

Cutler: Spurious Modulation of Electron Beams 61

TABLE 1

Voltages

Collector current

Helix current

DC operation

RF operation

RF power output at con-
stant helix voltage of
3,750 volts

Small-signal gain

Mechanical features

Total length

Total weight of “packaged”
assembly using commer-
cial-ceramic magnets

Total weight of “packaged”
assembly using RCA-
ceramic ring magnets

below 4,000 volts for wide-band opera-
tion.

250 milliamperes

less than 1 per cent of collector current

100 per cent beam duty

10 per cent duty?®

100 to 170 watts at a gain of at least
20 db from 2,000 to 3,800 mc

36 db at center frequencies, 28 db at
2,000 mc, 25 db at 3,500 mc

“Packaged” design including periodic
permanent magnet for electron-
beam focusing and air-cooled col-
lector

21 inches

11 pounds
(weight of permanent magnet alone
=7.1 pounds)

6.7 pounds
(weight of permanent magnet alone
=2.8 pounds)

15 The present design can be operated at average power-output
levels up to 25 watts. The basic design is now being modified so that
the tube will also provide continuous rf power operation up to average
power outputs of at least 100 watts.

3,750 volts. When the tube is operated under these
conditions, the gain is lower than that shown in curve
E at small signal levels, but is not affected appreciably
at large signals. It is estimated that the helix voltage
can be adjusted to give linear operation for power levels
up to about 70 per cent of the “saturated” power out-
put.

A summary of the performance data obtained for this
developmental traveling-wave tube is shown in Table .
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Spurious Modulation of Electron Beams”®
C. C. CUTLERY, FELLOW, IRE

Summary—This paper describes spurious modulation effects
commonly observed in electron tubes employing high current elec-
tron beams. The modulation is caused by positive ions and secondary
electrons moving in the beam. It is eliminated by pumping the tube
to high vacuum and retarding or deflecting the secondary electrons.

INTRODUCTION

DIFFICULTY commonly encountered in ampli-
A fiers and oscillators employing electron beams

is a noise-like modulation of the output at fre-
quencies of around 5 mc and below. Various aspects of
this phenomenon have been investigated and explained
in part,!=3 but the fact that it keeps being rediscov-
ered*%indicates that a clear description of the phenome-
non is needed.

* Original manuscript received by the IRE, May 9, 1955; revised
manuscript received, July 13, 1955.
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The effect usually shows up as a modulation of the
radio-frequency output of an amplifier or oscillator em-
ploying an electron beam which passes through an elec-
tric field free region. The modulation appears as noise
having a strongest amplitude in the hundreds of kilo-
cycles, but which may have components as low as the
audible range and as high as several megacycles. Under
some circumstances the modulation is spread out over
many octaves, and sometimes will have strong but un-
stable discrete frequency components. (See Fig. 2.) The
amplitude is often as much as 10 per cent modulation
of an rf carrier but under severe conditions is as much as
100 per cent modulation, and in some cases has been
reduced to as little as 0.01 per cent. The effect is entirely
one of modulation, there being no corresponding high-
frequency output in the absence of a signal, and no cor-
responding effect on the noise figure of the tube.

The study to be described indicates that the effects
come from three related phenomena. The most prom-
inent is a plasma oscillation of positive ions attracted
by the space charge of the electron beam and excited
by secondary electrons returning from the collector
region. It is strongest in the hundreds of kilocycles,
which is near the natural frequency of transverse oscil-
lation of the common positive ions in the normal space-
charge field. Another is a relaxation oscillation in the
tens of kilocycles, with a period consistent with the
time required for electron collisions to produce ions
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sufficient for space charge neutralization. The third
effect is purely electronic, and appears to be a longitud-
inal oscillation of secondary electrons in the range of a
few megacycles. These effects are strongly influenced
by focusing fields, and any and all voltages and currents,
even including heater current and cathode temperature.

Both of the ion effects may be eliminated by sufh-
ciently hard pumping (which means vacuums of the
order of 1073 mm of Hg in the case of several traveling-
wave tube geometrics). This leaves a residual modula-
tion noise of around 0.01 per cent due to the random
fluctuations” in beam current. The third effect is un-
common, and its elimination simply calls for electric
or magnetic field distributions which eliminate second-
ary electrons from the beam.?

No practical use has been found for these effects.
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IFig. 1-—Apparatus used to study spurious modulation in an electron
heam (beam operated at 1,000 volts and 5 milliamperes).

EXPERIMENTAL OBSERVATIONS

In order to avoid confusion with microwave fre-
quency cflects, the beam modulation was studied di-
rectly, in a demountable continuously pumped chamber
shown in Fig. 1 instead of in a traveling-wave tube
where it was discovered. The collected beam current
was observed in two wavs. First the ac component fre-
quencies were measured in a spectrum analyzer, and
second, in order to observe the start of the phenomena,
the beam was turned on and off with a square wave ata
slow rate and observed with an oscilloscope synchro-
nized to observe the starting transient of transmitted

7 Shot noise would be an rms current modulation of \/2eB/i,
where ¢ is electron charge in coulombs, B is the bandwidth in cycles
per second and i, is the beam current. Flicker noise would give low
frequency components somewhat larger.

8 D. Bohm, E. 11. S. Burhop, H. S. W. Massey, and R. M. Wil-
liams, “A Study of the Arc Plasma,” National Nuclear Energy Ser.,
McGraw-Hill Book Co., Inc., New York, N. Y., Division I, vol. 3,
pp. 173-333; 1949.

R. Rompe and H. Steinbeck, “Der plasinazustand der gase,” Erg.
exakten Naturwiss., vol. 18, p. 303; 1939,

D. Bohm and Ii. P. Gross, “Effects of plasma boundaries and
plastna oscillations,” Physical Rev., vol. 79, pp. 992-1001; September,
1950.

These published works on plasma oscillations lead one to expect
an electronic oscillation in the thousands of megacycles. A\ search was
made for such oscillations, but none were found, so we assume they
do not exist in the beam geometry and the pressures used.
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current.® The total current from the cathode under no
circumstances showed any significant modulation dur-
ing the pulse. Strong modulation was found in the divi-
sion of current between the target and the collector, how-
ever, and this is the current that is described in the fol-
lowing observations.

The apparatus was equipped with a gas inlet, so that
the pressure could be varied at will by admitting either
hydrogen or nitrogen gas.

RELATIVE AMPI

| | | |
[ 1 2 3 4 5
MEGACYCLES

Fig. 2—Spectruin analysis of spurious modulation appearing on the
output of a traveling-wave tube. (Courtesy of M. E. Hines.)

The modulation ol the collector current was observed
with a spectrum analyzer, and gave patterns similar to
Fig. 2.1 The observations were in everv particular like
those made of the modulation of the microwave energy
coming from traveling-wave tubes. This was a good in-
dication that we were studving the same phenomenon
as previously observed bv Pierce and Hines.®'? The
frequencies were generally somewhat lower than in the
traveling-wave tube. but this may be explained by the
lower-beam currents used.

IFig. 3 shows various oscilloscope patterns of col-
lector current. There were evidently three overlapping
phenomena which, to avoid confusion, had best be de-

9 Electron beans in traveling-wave tubes were first studied using
this pulse technique by J. R. Pierce early in 1947,

19 These photographs were supplied by M. E. llines. They were
used in his report on spurious modulation effects in traveling-wave
tubes at the Fifth Arnual Conference on Electron Tubes, at Syracuse
University, Svracuse, N. Y., in 1947,
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scribed separately, although they usually occurred in
concert. The main distinguishing feature between them
was the frequency constitution.

loN OSCILLATION

The most predominant effect occurred in a broad
spectrum from about 100 kc to 2 mc. The amplitude was
critically dependent upon pressure, increasing several
orders of magnitude as the pressure was increased from
107 mm Hg to 107 mm of Hg. The frequencies in
the spectrum increased significantly with increasing
electron beam current,!’ or if hydrogen was introduced
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Fig. 3—Oscillograms of collector current from a pulsed electron
beam, showing the three types of modulation.

into the system instead of nitrogen. At the lower pres-
sures, the spectrum showed discrete (requencies similar
to those in Fig. 2(a), and at higher pressures was more
erratic like those in Fig. 2(b) and 2(c). The actual spec-
trum shape was kaleidoscopically dependent upon any-
thing connected with the tube; i.e., heater power, mag-
netic field, voltage, etc., but not in a consistent or re-
peatable fashion.

When the beam was pulsed, the oscillations started
slowly, as shown in Fig. 3(c), taking from 10 to 100

' Linder and Herngvist, loc. cit., also found, and Pierce, loc. cit.,
predicted the frequency to be proportional to beam current, but called
it “ion density.” That it is not the ion density which determines the
frequency is evident in the fact that the frequency is not dependent
on pressure, and most assuredly at the lower pressures the ion density
is affected by the pressure (Bohm and Gross, loc. cit.).
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microseconds to reach full amplitude, the starting time
varying inversely with pressure. They appeared to be
sinusoidal at low pressures, and were hashy, not repeat-
ing nicely from pulse-to-pulse at higher pressures.

The amplitude was strongly dependent upon the col-
lector-target configuration. When the beam was col-
lected with a symmetrical target configuration, with
most of the current either striking the target or the
collector, the oscillations tended to be small. When the
current was more equally divided the oscillations were
stronger, and with either the target displaced or the
beam steered off center, the oscillations were very much
stronger (under some conditions as much as 20-30 db).
When the beam was sharply deflected by a magnetic
field near the collector, the oscillations were greatly re-
duced in amplitude. Maintaining an electric field gradi-
ent near the beam also reduced the oscillations by sev-
eral orders of magnitude. Biasing the collector-target as-
sembly positively usually reduced oscillation amplitude.

With sealed-off tubes it was found that these effects
were virtually eliminated at vacuums of the order of
10—% mm of Hg.

All of this evidence points to positive ions oscillating
transversely in the space-charge field of the beam. The
calculated orbit of a singly-charged ion with an atomic
number in the 10’s in the space-charge field of the beam
has a frequency in the range observed. The period of
such an orbit should vary inversely with the charge
density (or beam current), as was observed. The time
of build-up of oscillation checks roughly with the cal-
culated ionization time based upon the beam current
and collision cross section of common atoms. Any large
change in the number of positive ions either by electric
fields, or by pressure variation gave a corresponding
change in the level of oscillation.

The mechanism of the oscillation must involve sec-
ondary electrons from the collector, as any reduction in
the number of secondaries getting back into the beam
reduced the oscillation. It may be that the natural os-
cillations of ions in the space-charge field are excited
by secondary electrons from the collector region. The
secondaries add to the space-charge field, which reacts
on the positive ions trapped by the space-charge field,
which changes the beam focusing, which in turn influ-
ences the distribution of secondaries. As symmetry in
the collector-beam relationship would accentuate the
effect, as was observed. Such oscillations would be
critically dependent upon beam-focusing pressure and
hence on almost any tube parameter, thus explaining the
extreme variability of the oscillation. A more sophisti-
cated explanation of plasma oscillations'? has been
given by Pierce.!

2 There is a lot in the literature on plasma ion oscillations
(Mihran, loc. cit., and Bohm, Burhop, Massey and Williams, loc. cit.)
but the usual gas discharge is quite different from our case and does
not directly apply. Our pressures are much lower, we have no reason
to expect equal numbers of positive and negative charges, or enough
free charge to neutralize any applied field, nor are the fast moving
electrons in the beam as free to move as electrons in gas discharge.
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IoN1ZATION RELAXATION OSCILLATIONS

Another effect generally mixed with the one men-
tioned above appeared with a fundamental component
between 10 and 100 kc with harmonics at much higher
frequencies. It also depended upon pressure, being
strong and common with pressures approaching 1075 mm
of Hg, and weak and uncommon at pressures around
10-7 mm of Hg. Its frequency was critically dependent
upon pressure, having a period of the order of the cal-
culated time required for electron collisions to produce
sufficient positive ions to neutralize the space charge of
the electron beam. When the time function was ob-
served by pulsing the beam, the oscillation usually
started at full amplitude and was obviously a relaxa-
tion oscillation, as shown in Fig. 3(d), with a period
cqual to the time required for normal beam transmission
to be established. \Vhile this was a long time at very
low pressures (the oscillations were sometimes audible),
the amplitude became vanishingly small as the pressure
was decrcased. Sometimes the period described only
appeared as a modulation of a higher-frequency com-
ponent, as in Iig. 3(g), and it often appeared in com-
bination with a higher frequency oscillation, as in
Fig. 3(f). When the surrounding cylinder was biased
negatively, the oscillations were greatly enchanced, and
when the cvlinder was positive, the oscillations were
sharply reduced.

These effects may be explained by the trapping of ions
in the space charge of the beam. The ion density pre-
sumably builds up until a critical value is reached,
probably the point where ions begin to spill over, in-
fluencing the electron focusing near the gun, and thus
displacing or sharply defocusing the beam. This quickly
releases the trapped ions sufficiently so that at least
some of them escape and have to be replaced by new
ionization. The process then repeats, giving the relaxa-
tion tvpe of oscillation observed.

SECONDARY ELECTRON OSCILLATION

The third effect was almost certainly not an ion ef-
fect. It was observed from 1 mc to 15 mc, was strongest
with the lowest pressures, and sometimes would start
within one or two microseconds of turning on the elec-
tron beam, as indicated in Fig. 3(e). It depended strongly
upon secondary electrons, and could be increased in
frequency and amplitude by elevating the potential of
the cylinder surrounding the electron beam, or eliminated
by reducing the potential below that of the collector.
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This oscillation is presumed to be caused by second-
ary electrons oscillating longitudinally between the
cathode and collector. Electrons released at the col-
lector, returning with a few volts of energy, can in-
fluence the focusing at the gun, and thus influence the
primary electron beam, thereby changing the second-
ary electron distribution. Slow secondaries have the
proper velocity to explain the period of the observed
oscillations. The variation of the velocity of secondaries
with cyclinder potential would explain the electronic
tuning, and elimination of secondaries, of course, would
stop the oscillation.

A cousin to the above is a rather uncommon, single-
frequency, low-amplitude oscillation at 2 or 3 mc, which
disappeared with the slightest applied clectrical gradi-
ent. It is thought to be an oscillation of slow electrons
between scallops in the electron beam.

CONCLUSION

The various beam modulation effects described usu-
ally occur simultaneously with overlapping spectra,
and they intermodulate, the higher-frequency compo-
nents often showing sidebands due to the lower-fre-
quency oscillations. All three are easily locked in with
an ac voltage near the natural frequency of oscillation
applied to any electrode. It is not surprising that the
spectrum is erratic, since there are many modes of pos-
sible oscillation and there are no really stable elements
to control the frequencies; the pressure, electron emis-
sion, gas constitution, and applied fields all being criti-
cally involved.

The happy conclusion is that the unwanted effects
are eliminated by simply adequately outgassing the
parts and pumping the tube to a good vacuum, and in
some cases deflecting the secondary electrons produced
at the collector.

Unfortunately, proposed systems which would use
ions to help beam focusing?3:13:4 are impractical unless
one can either show that the oscillations are not harmful
in the particular application, or one can invent some
way to make the pesky things stand still.

This work was done with the assistance of C. F.
Chapman, and was stimulated by J. R. Pierce, M. E.
Hines and many other colleagues at the Bell Telephone
L.aboratories.

13 M. E. Hines, G. W. Hoftfman, and J. A. Saloom, “Positive ion
drainage in magnetically focused electron beams,” Jour. Appl. Phys.,
vol. 26, pp. 1157-1162; September, 1955.

4 E. L. Ginzton and B. H. Wadia, “Positive-ion trapping in elec-
tron beams,” Proc. IRE, vol. 42, pp. 1548-1553; December, 1954.
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Negative Resistance Regions in the Collector

Characteristics of the Point-Contact Transistor®
L. E. MILLERY

Summary—The negative resistance regions in the active portion
of the point-contact collector characteristics are characterized in
terms of three unique types of anomalies in the current multiplica-
tion properties of the device. While the interaction of the « anomalies
and the associated circuitry result in 2 measuring circuit instability,
the negative resistances are true device properties which are at-
tributable to variations in the collection efficiency of the reverse
biased collector junction.

INTRODUCTION

( jERTAlN ANOMALIES in the output character-
istics of various types of germanium point-con-
tact transistors have been noted from time to time

during the testing of experimental and production

units. These phenomena appear as negative resistance
regions in the active portion of the characteristic. Their
incidence varies widely from type to type and is essen-
tially zero in a few types presently being manufactured.

It is convenient to examine these phenomena by dis-
playing the collector V-TI characteristics on an oscillo-
scope using emitter current as the other independent
parameter. This may be accomplished by applying a
sinusoidal voltage to the collector and using the col-
lector voltage and current as the ordinate and abscissa
respectively. A convenient circuit for this purpose is
shown in Fig. 1. In Fig. 2 is shown the typical appear-
ance of a number of the more commonly-found types of
negative resistance regions when displayed by the cir-
cuit of IFig. 1. The general nature of these anomalies
has been found to be highly stable. That is, the size and
shape of the anomalies do not change appreciably with
shelf life or with length of operation at maximum-rated
power dissipation. For any given transistor, they appear
only in a specified region and the device exhibits normal
characteristics at any point outside this region. The
anomalies usually appear well within the maximum-
rated power dissipation limits of the device. Although
individual types of anomalies occur most frequently in
separate transistor types, a number of types may occur
in the same transistor type.

The seriousness of this situation is obvious if one con-
siders the effect of such a negative resistance region in
the operating range of some oscillator and amplifier ap-
plications.

Although the discussions to follow are confined to
n type transistors, similar anomalies are observed in p
type point-contact transistors. It appears that if ap-
propriate changes in sign are made the same considera-
tions will apply.

* Original manuscript received by the IRE, March 7, 1955; re-
vised manuscript received July 7, 1955,
t Bell Tel. Labs., Inc., Allentown, Pa.
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Fig. 2—Some typical transistor negative resistance regions.

CHARACTERIZATION

The multiplicity of the various forms which these
negative resistance regions exhibit makes it necessary
to characterize them with some care. It has been con-
venient to divide them into three major categories be-
cause it has been found that there are at least three
separate and distinct causes (which, however, may be
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interdependent) for their occurrence in the output char-
acteristics of the point-contact transistor.

The other characteristics of the transistor provide a
means of partial characterization of the negative resist-
ance regions. All of the transistors with anomalies in
the output characteristics exhibit corresponding anom-
alies in the feedback and transfer characteristics. How-
ever, not all of them show a corresponding anomaly in
the input characteristics.

It will also be useful to examine the small signal « ver-
sus emitter current characteristic as a part of the char-
acterization, since each type of collector characteristic
anomaly has associated with it a unique « anomaly.
This relation will be discussed in the subsequent sec-
tions. The first category of anomaly may be identified
as the kind which does not have its counterpart in the
input characteristic of the transistor. This category is
illustrated by Figs. 2(a) and 2(b) and will be termed a
Type 1 negative resistance region.

This type of negative resistance region, which ap-
pears as a sudden increase in collector current with a
slight increase in collector voltage, is related to a region
of operating instability resulting from an abnormally
high value of current multiplication in this region. Fig.
3(a) illustrates the appearance of this type of negative
resistance region as an oscillographic presentation and
Fig. 3(b) depicts the corresponding family of current
multiplication vs emitter current curves with collector
voltage as the parameter. The peak in the a curve ap-
pears at high emitter current for low collector voltage
and moves through a maximum to low values of emitter
current for increasing collector voltage. Those units
which have this type of anomaly exhibit peak values of
«, sometimies as high as 100, for collector voltages which
correspond to the Ic- Ve region where the anomaly oc-
curs. The a characteristic has normal peak values of «
for all other values of collector .voltage.

Fig. 3—Correlation between Ic—Ve¢ negative resistance regions
and a vs emitter current anomalies.

Fig. 4 shows the low frequency tee network equivalent
circuit of the transistor and the equation which is the
criterion for stability! in this circuit. This equation,

o R R'e

e
@l s L 1
R,/ v R'd  R'c O

' R. M. Ryder and R. J. Kircher, “Some circuit aspects of the
transistor,” Bell Sys. Tech. Jour., vol. 28, pp. 367-400; July, 1949.
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where the primed R’s include both internal and external
resistive elements, predicts that the transistor will ex-
hibit a negative resistance region similar to the solid
curve in Fig. 4 whenever the inequality does not hold.
A normal curve denoted by the dotted line results for the
other alternative.
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Fig. +—Negative resistance output characteristic.

Since the quantity on the left of (1) is related to a by

R

m r m
a = iﬁ = In (for small r})

re+ 7 re

A

7;% (for small external collector resistance) (2)
and the quantities on the right of (1) remain relatively
constant for any given circuit, the transistor will ex-
hibit a negative resistance region whenever a exceeds a
certain value which will be determined by the relative
magnitude of the collector resistance and the collector
load. Therefore, a high, narrow, a peak, which is ex-
tremely variable with collector voltage (such as shown
on Fig. 3(b)) results in a localized instability as the col-
lector is swept through the range of voltages at which
it occurs. The occurrence and size of the anomaly and
whether circuit changes will affect it may be predicted
from the height of the peak, the area under it, and the
values of collector voltage for which it occurs.

The « emitter current characteristic provides a con-
venient method for additional characterization of the
negative resistance regions. The step-back in collector
current with an incremental increase in collector voltage
such as illustrated in Figs. 2(c) and 2(d) is related to a
different type of anomaly in the a emitter current
curves and will be termed a Type 2 anomaly. In these
cases a secondary peak appears in the « curve at rela-
tively low collector voltages and moves to higher values
of emitter current with increasing collector voltage. This
type of negative resistance region is shown on Fig. 5(a).
On Fig. 5(b) is the associated e emitter current character-
istic. The size of this secondary « peak with respect to
the primary peak and its voltage sensitivity completely
determines the characteristics of this tvpe of negative
resistance region in the following manner:

The collector current at any particular collector volt-
age can be represented as

I, = I,(V.) — al. 3
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where I, represents the saturation current at zero
emitter bias and &, the average o up to the emitter cur-
rent I,. For low values of collector voltage and large
values of emitter current

I, = —al, 4)

where the average « is defined as
Ie
&=L [ Catrydr. ()
0

Therefore, for these conditions and for any given emitter
current, the collector current is directly proportional to
the area under the « emitter current characteristic. Re-
ferring to Fig. 5(b), the secondary peak moves to higher
values of emitter current quite rapidly as the collector
voltage is increased, while the primary peak remains
relatively constant. In terms of output characteristic it
is seen, at constant emitter current, the average « (and
hence collector current) undergoes a sudden decrease as
collector voltage is increased through range of voltages
at which secondary « peak occurs.

“ e SJVC » 40 vOLTS
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IFig. 5—Correlation between Ic-Ve¢ negative resistance regions
and « vs emitter current anomalies,

Transistors with both the first and second category
of negative resistance region just described exhibit
normal characteristics everywhere except in the imme-
diate regions of the anomaly. The third separate and
distinct category of negative resistance region is dis-
tinguished from the others because the device does not
regain its original characteristics at operating points be-
yond the region of operation defined by the presence of
the anomaly. Typical examples of this type are shown
in Figs. 2(e) and 2(f). The anomaly in this type can take
on many forms such as the oscillations shown in Fig.
2(f), the ohmic form illustrated by Fig. 2(e), or other
variations depending on the impedances in the measur-
ing equipment. This is the type of negative resistance
region discussed by D. E. Thomas.? The transistors
which will oscillate in almost any circuit usually contain
anomalies which fall into this category as do most vhf
point-contact transistors. Although the negative resist-
ance regions which fall into this category take on many
different forms and can be changed in appearance by
changing the impedance levels in the measuring equip-
ment, they are all characterized by one common feature.

* D. E. Thomas, “Stability considerations in the parameter meas-
urements of vhf point-contact transistors,” Proc. IRE, vol. 42, pp.
1636-1644; November, 1954.
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At zero or small values of collector voltage, the nor-
mal characteristic curve is obtained with typical values
of ohmic base resistance (feedback resistance). As the
voltage is increased to the point at which the anomaly
appears, the base resistance takes on very large values
and remains large for all values of voltage beyond this
point. The negative resistance of the region coupled with
the large positive feedback afforded by the increased
base resistance is the cause for many of the oscillators
such as illustrated in Fig. 2(f). In many cases, units of
this type exhibit an enhanced emitter current which
shows an ohmic dependence on collector voltage for all
voltages greater than the value at which the anomaly
initially occurs. The voltage at which it occurs may be
decreased by applying additional forming pulses.

EXPERIMENT AND DiscUssIiON
Concepts of Point-Contact Transistor Alpha

In the discussion to follow, considerable use will be
made of terms which are intimately connected with the
physics of the device. For this reason a short summary
of the concepts of current multiplication in point-con-
tact transistors as first elucidated by Bardeen and Brat-
tain® will be presented.

The point-contact transistor consists of a pair of
spring contacts on a germanium wafer which is soldered
or bonded to a broad area “base” contact. In this con-
figuration it is desired to maintain the base as an ohmic
contact (one which will pass current of either polarity
with equal facility). A point contact on germanium dis-
plays rectifying properties which are related in a rather
complex fashion to the difference in work function be-
tween the metal and the semiconductor. When the point
is biased in the reverse direction it will act as a high im-
pedance to flow of current. In the forward direction the
contact will display a low impedance through the mech-
anism of injection of minority carriers. In the point-
contact transistor the emitter is normally biased in the
forward condition resulting in a high minority carrier
concentration in the region of the emitter. In n type
germanium in which the minority carriers are holes, this
results in a positively charged region under the emitter
point. Since the holes are minority carriers, the statis-
tical probability of recombination with electrons is high.
The collector is usually biased in the reverse direction
and the reverse current is determined by the physical
properties of the collector region. The collector reverse
current passing through the ohmic spreading resistance
of the bulk material results in a collector field. This
field, in turn, is in such a direction as to cause the mi-
nority carriersinjected by the emitter to drift to the col-
lector. Holes drifting across the reverse biased p-# junc-
tion at the collector result in a space charge. Charge
neutrality requires tif neutralization of this space
charge. This is accomplished by the emission of elec-
trons from the collector. Since there is a basic difference

# ]. Bardeen and \V. H. Brattain, “Physical principles involved in
transistor action,” Phys. Rev., vol. 73, pp. 1208-1225; April, 1949,
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in the drift mobility of holes and electrons, a current
multiplication which is determined by the ratio of mo-
bilities results.

Current multiplication values in excess of those pre-
dicted from this picture have been observed and a va-
riety of theories have been proposed to account for
these. However, a consideration of these models is not
essential to the discussion to follow.

Electrical forming consists of discharging a charged
condenser through the collector in the reverse direction.
This is used primarily to increase the collector current,
hence the collector drift field. Such a field results in a
focusing action for the efficient collection of minority
carriers. The variety of anomalies discussed in this paper
apparently results from a complicated set of interactions
between the collector and emitter fields.

Mechanism for the Type 3 Negative Resistance Region

The cause of the Type 3 anomaly illustrated in
IFigs. 2(e) and 2(f) yields most easily to experimentation.
The high base resistance implies an excessive interac-
tion of the collector region with the emitter point, as
does the ohmic dependence of enhanced emitter current
on collector voltage. This can be shown to be the case
by moving the emitter point with respect to the formed
collector, as in a micromanipulator transistor. Decreas-
ing the point spacing on a unit of any kind will cause a
negative resistance region of this type to appear, while
increasing the separation will cause it to disappear. A
large increase in base resistance appears to be coincident
with the onset of this negative resistance region.

Since all of the units which are normally known as os-
cillators exhibit this high base resistance, it is important
to know whether the high base resistance results in os-
cillations or the oscillations result in a measurement of
abnormally high base resistance. If one observes the
wave form of the signal obtained during the measure-
ment of base resistance, one can confirm that there is an
increase in the amplitude of the signal which is nor-
mally used to measure base resistance before the unit
breaks into oscillation. That is, the high base resistance
causes many units to oscillate in ordinary circuits rather
than the converse.

The high base resistance associated with a Type 3
anomaly indicates that the collector space charge has
penetrated to the emitter, so that variations in collector
current result in more than the usual amount of varia-
tion in emitter voltage. One may make use of a third
electrode to measure floating potentials in the space be-
tween emitter and collector to check this possibility.
This experimental arrangement is shown in Iig. 6(a).
Using a close spacing between emitter and collector re-
sults in a Type 3 anomaly for normal forming, as shown
by Fig. 6(b). The slightly increased point-spacing ob-
tained by using a second emitter results in the disap-
pearance of the anomaly so that a normal family of
characteristics is displayed, Fig. 6(c). The third elec-
trode, now called the probe, is present at a point such
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that if it were used as an emitter a Type 3 negative re-
sistance curve would be obtained. This is illustrated in
I'ig. 6(b).

Measurements taken on this probe, as the character-
istics of the unit shown in Fig. 6(c) are displayed, indi-
cate that only a fraction of the full collector voltage ap-
pears at the probe. Strictly speaking, the Type 3 anom-
aly is not the result of the sudden punch-through of col-
lector voltage to the emitter but rather results when the
potential under the point increases gradually through a
range which is small compared with the total collector
voltage variation. The low 7, before the negative resist-
ance region indicates the presence of an emitter field
which prevents interaction between emitter and col-
lector. The high 7, beyond the break in the curve sug-
gests that, at this potential, the collector field has suc-
ceeded in overwhelming the emitter field.

FORMEO = prose EMITTER

COLLECTOR U

(a)

‘\nD \”6
(o) )

Fig. 6—Collector characteristics for the three electrode experiment.

The experimental procedure just discussed may be
used to verify the presence of such regions of interacting
electric fields. The a vs emitter current characteristics at
several collector voltages for the unit illustrated in
IFig. 6(c) are shown in Fig. 7(a). The « curve increases
quite rapidly with collector voltage, from zero for
zero collector voltage to its final limiting value at about
V.=1 v. For no applied collector voltage, there is, of
course, no current gain. The probe potential increases
positively as a monotonic function of emitter current
(see Fig. 7(b)). This implies that the emitter field ex-
tends some considerable distance into the germanium
from the emitter, that the germanium is at a positive
potential under the probe due to a concentration of
minority carriers (holes) which are injected by the emit-
ter, and, further, that the magnitude of this potential
increases with the number of injected carriers.

With the application of a collector voltage some cur-
rent multiplication occurs with a resultant increase in
electron flow. This increase in electron flow results in a
change in the probe potential to a negative value which
is dependent on the magnitude of currents flowing.

One may infer from these measurements that the
volume encompassed by the emitter field, which is of
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opposite sign to the collector field, is sharply dependent
on the currents flowing through the region. This means
that the distance over which no collector drift field ex-
ists is extremely variable and dependent on the operat-
ing point of the device.
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Fig. 7—DProbe potential as a function of a characteristics.

Since, in the absence of a drift field, the holes injected
by the emitter do tend to move by diffusion alone, re-
combination processes may hecome significant. Any sig-
nificant recombination results in a change in transport
efficiency which in turn affects a. The Type 3 anomaly
almost always has associated with it a region of en-
hanced a. It is suggested, therefore, that the collector
field under the emitter is sufficient, at the voltage at
which the Type 3 anomaly occurs, to decrease the size
or eliminate completely the positively-charged region
under the emitter point where the carriers move by dif-
fusion. There are a number of other convincing facts to
support this conclusion:

1. The frequency cutoff of « in all regions before the
negative resistance region is relatively low and agrees
with predictions based on the conductivity modulation
model.* At all points beyond the negative resistance re-
gion the frequency cutoff takes on larger values which
coincide closely with calculations based on the drift
model.?

2. All hf units, whether they are formed as transmission
or switching types, exhibit Tvpe 3 anomalies in some
portion of their characteristics.

3. All those hf units which will oscillate in any given
circuit, unless special precautions are taken, fall into

* J. E. Thomas, unpublished work.
5 W. Shockley, “Electrons and Holes in Semiconductors,” D. Van
Nostrand Co., New York, N. Y., pp. 106-108; 1950.

Miller: Transistor Negative Resistance Regions 69

the category of the Type 3 anomaly. The oscillations are
the result of the negative resistance and the accompany-
ing hf response which tends to sustain oscillation.

It appears that the dependence of the frequency re-
sponse of any given point-contact unit on electrical
forming is based on the necessity of increasing the col-
lector field under the emitter to such an extent that the
region where the carriers move by diffusion is effectively
reduced. The Type 3 anomaly occurs at the biases at
which a positively-charged region under the emitter no
longer inhibits the drift of holes from emitter to collector.
Since at this point the interaction between emitter and
collector is increased, causing the base resistance to in-
crease to large values, the device loses part of its useful-
ness as a small signal amplifier.

The conclusion which one is forced to draw is that
there will be an upper frequency limit for any given
point-contact structure which will be imposed by the
maximum tolerable base resistance, or the negative
resistance region, which is a manifestation of this high
base resistance.

M ECHANISM FOR THE TYPE 2 NEGATIVE
RESISTANCE REGION

The explanation for the Type 2 anomaly follows from
the discussion of the Type 3. A transistor can have both
a Type 2 and a Type 3 anomaly as shown on I'ig. 8(a),
or it can have a Type 2 which changes into a T'ype 3 as
the biases are changed as illustrated in Fig. 8(b). Often
a Type 2 will change to a Type 3 as one observes the
characteristics on a curve tracer. This occurs because
the sweep measurements are being carried out at biases
corresponding to the transition point shown on Iig. 8(b).
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Fig. 8—Collector characteristics containing Types 2 and 3 anomalies.

Both types exhibit high base resistances and both have
peculiar peaks in the o vs emitter current characteristic.
The difference between the two appears to be one of
degree rather than kind, the Type 2 representing a
Type 3 which recovers its original characteristics of «
and low base resistance. If one measures the base re-
sistance of a unit containing a Type 2 anomaly while
sweeping collector voltage through the range at which
the anomaly occurs, a high value is obtained. It resumes
the normal low value at biases beyond this point. This
increase in base resistance may be associated with a
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decrease in the size of the positively-charged region un-
der the emitter. This, in turn, results in a more efficient
transport factor with the consequent enhanced a.

This hypothesis may be checked by repeating the
three-probe experiment described in the previous sec-
tion. One may form a transistor such that it contains
both Type 2 and Type 3 negative resistance regions.
Making use of the wider point-spacing afforded by the
third electrode results in the disappearance of the Type
3 but not the Type 2 anomaly. These results are illus-
trated in Fig. 9(a), (b), and (c). Fig. 10(a) shows the
« emitter current characteristic which is associated
with the output characteristics shown in Fig. 9(c). The
secondary o peak appears at relatively low collector
voltage and moves in a characteristic fashion to higher
emitter currents for increasing collector voltage. The
probe potentials for collector voltages which correspond
to those for the a curves shown are plotted in Fig. 10(b).

COLLECTOR PROBE EMITTER

TUT

~—
(a)
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IFig. 9—Collector characteristics for the three-electrode experiment.

These curves show that the potential between the emit-
ter and collector goes to a more negative value as the
unit is swept through the region where the a peak occurs
and then returns to a more or less “typical” value. This
change in probe potential appears to reflect the chang-
ing size of the region of positive charge under the emitter
point. In the region where the secondary o peak occurs
this volume contracts to such an extent that the trans-
port efficiency increases with a resultant increase of a.
As the emitter current increases still further the in-
creased hole density in the region under the point
builds up the size of the region of positive charge result-
ing in the drop in .

Whether a Type 2 or 3 anomaly will occur depends on
the magnitude and rate of change of collector field with
respect to changing bias. If the collector field is expand-
ing quite rapidly as the collector voltage is increasing,
one might expect a large amount of interaction between
the negative collector field and the positive emitter
field under the emitter point. This in turn would result
in a Type 2 anomaly. This accounts for the fact that the
Type 2 anomaly occurs at relatively low voltages while
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a is still changing quite rapidly with collector voltage.
The Type 3 anomaly, however, almost alwavs occurs at
higher voltages than the Type 2. At this voltage, the «
has reached its final limiting values.

Finally, one can confirm that this change in drift space
potential results in the enhanced « rather than the con-
verse. A unit which is formed so that it does not exhibit
a secondary a peak can be made to exhibit one by the
application of a positive potential to the probe electrode.
1t is presumed that the resultant increased hole con-
centration in the drift space effectively changes the sizc
of the positively-charged region under the emitter re-
sulting in changes in transport efficiency.
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Fig. 10—DProbe potential as a function of a characteristics.

INVESTIGATION OF THE TYPE 1 NEGATIVE
RiSISTANCE REGION

In the characterization of the negative resistance
regions it was pointed out that the Type 1 anomaly does
not have its counterpart in the input characteristic of
the transistor. This suggests that the emitter is not
basically involved in the formation of this type of anom-
aly. This can be verified experimentally by forming a
transistor containing a Type 1 anomaly and then re-
moving the emitter point. Minority carriers may be
supplied by illuminating the germanium surface. If one
sweeps out the collector characteristics using light
intensity as the parameter, the same negative resistance
region in the characteristics is displayed as though a
metallic emitter point were used. One may also move
the collector point about within the limitations of the
formed region or replace the original point used to
form the transistor with another without significantly
affecting the appearance of the negative resistance
region. These facts appear to indicate that the cause of
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the negative resistance region is attributable to some
anomalous behavior in or near the formed region. This
is also suggested by the fact that the anomalies can ap-
pear or disappear during a particular forming schedule.
All units containing Type 1 negative resistance regions.
however, are characterized by reverse currents which
are lower than those for the same type of unit contain-
ing no anomaly. There is no direct physical explanation
for this anomaly but statistical evidence will be pre-
sented to suggest that its presence is related to the donor
concentration in the formed region of the collector.
Pfann® has observed that the reverse current for
formed point-contact collectors is dependent on the
donor concentration in the collector wire. The data
summarized in Fig. 11 represent the results of a care-
fully designed experiment in which experimental tran-
sistors were made utilizing a series of phosphor bronze
wires with increasing phosphorous concentration. These
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Fig. 11—Variation in transistor parameters
with point wire composition.

units were formed to the same large signal forming ob-
jective of average «. The figure shows that the fre-
quency of occurrence of the Type 1 anomaly, other de-
sign variables held constant, is dependent on the donor
concentration in the collector wire. More accurately,
since matter is transferred from collector to germanium
during forming,” the occurrence of a Type 1 anomaly is
dependent on the amount of donor in the formed region
as a result of the forming sequence. The graph also shows
that a low I, distribution is probably incompatible
with an anomaly free product.

Since the Type 1 anomaly can appear or disappear
during any particular forming sequence, and since the
absolute amount of donor in the formed regions cannot
decrease significantly, one must presume that the rela-
tive amount of donor may increase or decreasec during
the forming sequence. This implies that the transfer
and distribution of both acceptor and donor impurities
in the germanium during forming is of importance in

* W. G. Pfann, “Significance of composition of contact-point in
rectifying junctions on germanium,” Phys. Rer., vol. 81, p. 882;
March, 1951.

" L. B. Valdes, “Transistor forming effects in N-type germanium,”
Proc. IRE, vol. 40, pp. 445-448; April, 1952,
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the determination of the properties of the formed col-
lector junction. Copper has been suggested as one of
the possible acceptors involved in the forming phenom-
enon.® Thermally-induced acceptors have also been
suggested.® Both may be involved since Valdes!® reports
as high as 10* atoms of Cu/cc have been measured by
radioactive techniques in a heavily formed region and
has observed damage to the germanium surface in the
vicinity of a formed region. In either case, the diffusion
coefficients of donor and acceptor™ are sufficiently dif-
ferent so that we might expect forming eff ciency to be
time dependent. Table I shows that I, (the reverse cur-

TABLE 1

0.9 Per cent
Phosphorous
Phosphor Bronze

0.10 Per cent
Phosphorous
Phosphor Bronze

Parameter

Time Constant ' 250u sec Su sec | 250u sec Su sec
7. (0, —10) (Average) 0.72ma 1.00ma|0.82 ma 1.10 ma
Per cent of Units Contain- 42 8 33 0

per cent per cent

ing Type 1 Anomalies

per cent per cent

rent of the collector junction) and the & characteristics
of the formed collector may be controlled by varying
the time constant of the condenser discharge forming
pulse. These data were obtained by empirically adjust-
ing the amplitudes of the long and short pulses so that
cach unit could be formed to the same large signal ob-
jectives with one forming pulse. Each sub-group repre-
sents approximately 25 units. The table shows that one
may reduce the incidence of @ anomalies by increasing
the point wire donor concentration, as was indicated in
Fig. 11, but an even more effective way of achieving
the same result is to reduce the time constant of the
forming pulse. In any event, however, a higher I, is
associated with an anomaly free product.

The potential measuring techniques described in the
two previous sections were applied also to the study of
the Type 1 anomaly. Very pronounced changes in drift
potential are observed in the bias regions corresponding
to the presence of the high « peaks, and application of
potentials to the probe on units containing such anoma-
lies enables one to change the properties of the a peak
significantly.

One may summarize the implications of these experi-
ments as follows:

1. The Type 1 anomaly is a phenomenon which is most
closely associated with the properties of the collector
junction, appearing most often when reverse currents
are low, in turn a property of lightly formed units.

2. The forming process involves the transfer of acceptor
and donor atoms into the bulk of the germanium and it

8 Valdes, ibid.

®R. C. Longini, “Electric forming of n-germanium transistors
using donor alloy contacts,” Phys. Rev., vol. 84, p. 1254, December,
1951.

10 Valdes, op. cit.

1 C. S. Fuller, “Diffusion of donor and acceptor elements into
germanium,” Phys. Rev., vol. 86, pp. 136-137; April, 1952,
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is the distribution of these impurities at or near the
collector junction which determines its properties; a rel-
atively high donor concentration results in a high re-
verse current and normal « characteristics, while a rela-
tively low donor concentration resultsin low reverse cur-
rents and anomalous « characteristics.

3. Significant changes in drift potential observed when
the transistor is operated at biases in the region of the
Type 1 anomaly suggest that this anomaly is a result of
variations in collection efficiency of the formed collector
point at different operating biases.

CONCLUSIONS

I'he negative resistance regions in point-contact col-
lector characteristics which appear as a measuring cir-
cuit instability are the combined result of device proper-
ties and the associated circuitry. While the appearance
of each tvpe of negative resistance region may vary
with the termination impedances of the measuring
equipment, the anomalies are the result of true negative
resistance regions. Negative resistance regions are pos-
sible whenever the current gain of a device is greater
than one. Each of the three general types of point-con-
tact negative resistance regions has associated with it a
unique anomaly in the current gain-emitter current

January

characteristics which features pronounced variations in
current multiplication over relatively short ranges of
operating bias. The observed negative resistances are
directly attributable to such changes in current gain.

The cause of each of the o anomalies in turn is trace-
able to variations in the collector drift potential which
exists in the bulk of the germanium between emitter
and collector. The additivity of the fields from the re-
verse biased collector junction and the forward biased
emitter junction provides a continuously varying field
(with respect to changing dc bias) through which the
minority carriers injected at the emitter are transported
to the collector. The efficiency of multiplication (a),
therefore, is a function of the relative amount of diffu-
sion (near the emitter) and drift, (near the collector)
which the injected minority carrier must undergo in its
motion from emitter to collector.

Other device properties such as base resistance and
the frequency cutoff of « are also related to such varia-
tions in drift potential.
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The Dependence of Transistor Parameters on the
Distribution of Base Layer Resistivity”
J. L. MOLL{, ASSOCIATE MEMBER, IRE, AND I. M. ROSS{

Summary—This paper presents a method of analyzing transistor
behavior for any base-layer impurity distribution. In particular,
expressions are derived for emitter efficiency v, transverse sheet
resistance R, transit time 7, and frequency cut-off f,. The parameters
v and R are functions only of the total number of impurities in the
base layer. The analysis is used to derive v, R, 7 and f, for four differ-
ent distributions—uniform, linear, exponential, and complementary
error function. For each of these distributions a transistor base-layer
design equivalent in R and f, is obtained. Comparison shows that for
equivalent parameters the nonuniform distributions permit the use
of wider base layers, but require greater maximum impurity concen-
trations and must be operated at high current densities.

INTRODUCTION
111 DEPENDENCE of transistor parameters on
geometry and conducting characteristics of emit-
ter, base, and collector has been discussed for the
case of minority carrier transport across the base layer
* Original manuscript reccived by the IRE, July 22, 1955; revised

manuscript received September 20, 1955.
t Bell Telephone Labs. Inc., Murray Hill, N. J.

by pure diffusion.!'2 This case is realized physically by
having a base layer of uniform resistivity throughout.
The dependence of frequency response on base layer
thickness for transistors with uniform base layer resis-
tivity is well known. High frequencies require thin base
layers, making the fabrication of high frequency tran-
sistors difficult.

If the resistivity varies across the base layer from
emitter to collector the change in equilibrium majority
carrier concentration results in “built in” fields which
may aid or retard the flow of minority carriers across
the base layer. In particular, if the donor concentration
(for p-n-p) decreases from the emitter to collector the
resultant fields will aid the flow of minority carriers
across the base layer with a resultant decrease in transit

1\V. Shockley, M. Sparks, and G. K. Teal, “P-n junction transis-
tors,” Phys. Rev., vol. 83, pp. 151-162; July, 1951.

2], M. Early, “PNIP and NPIN junction transistor triodes,”
Bell Sys. Tech. Jour., vol. 33, pp. 517-533; May, 1954.
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time and increase in the frequency cut-off of the trans-
port factor as compared to the case of pure diffusion.

The enhancement of frequency cut-off by an ap-
propriate resistivity gradient eases the fabrication
problem somewhat, and a quantitative calculation of
the effects of the resistivity gradient on frequency and
transit time as well as the effects on other transistor
parameters was desired.

In addition to effects on the frequency behavior of
the transport factor, the distribution of base layer im-
purities can effect the behavior with frequency of the
emitter efficiency, . The total number of impurities
as well as geometry determine the low frequency emit-
ter efficiency and the base resistance 7,. Some of the
effects of an exponential distribution of impurities have
been discussed.3* This paper presents a method of an-
alyzing transistor behavior for any base layer impurity
distribution. The analysis is used to give a simple com-
parison of the properties resulting from four different
distributions.

THEORY FOR A GENERAL DISTRIBUTION
Assumptions

a) A one-dimensional geometry will be analyzed.

b) The base layer thickness is large compared to a
mean free path for charge carriers. Hence the motion
of carriers can be represented by a diffusion plus drift
equation.

¢) The mobility of carriers is constant. This is not
true for impurity densities greater than about 10%/cc,
but the assumption of constancy does not radically alter
the final results.

d) The density of “minority” carriers is small com-
pared to the density of “majority” carriers; i.e., no con-
ductivity modulation effects. Also the density of
“majority” carriers is small enough that Maxwell-
Boltzman statistics apply; 7.e.. nondegenerate semi-
conductors.

e) Recombination in the base layer is negligible.
This assumption implies that the dc¢ transport factor g
is unity. Hence the component of current carried by
minority carriers is constant (in the dc case) across the
base layer. Actually, this is not an unduly restrictive
assumption since the effect of a finite minority carrier
lifetime in the base layer can be calculated from the
relation

1-g = — )

T,,
where

7 =average minority carrier transit time
7, =minority carrier lifetime in the base layer
B =fraction of emitted holes (for p-n-p) that reach
the collector.
3 H. Krémer, “Der drifttransistor,” Naturwiss., vol. 40, pp.578-579;
November, 1953.
4 H. Kromer, “Zur theorie des diffusions- und des drifttransistors”

Areh. eleck. Ubertragung, vol. 8, pp. 223-228, 363-369, 499-504;
1054,
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Basic Equations

Fig. 1 illustrates the general configuration that will
be considered. The theory will be obtained for an »
type base region.

The zero of the spatial coordinate x will be taken at
the emitter-base junction and it will be assumed that
the holes are collected at x=w. There may be space-
charge widening effects on the base layer in some of the
configurations that will be considered. In such cases
will vary with collector voltage but these effects will
be neglected in this analysis.

Let N(x)=excess donor density in the base laver
(see Iig. 1).
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Fig. 1—General distribution of donors and acceptors in structures
to be analyzed.

Then if V3>, it is approximately true® that
= miei(y — ¢/ )

where n =electron density, #; the intrinsic value of
electron density. ¢ is the Fermi potential and ¢ is the
clectrostatic potential.

From (2) we obtain

n o=

E=—-—=—-— — (3)

= “built in field.”
Also the hole current density 7, is given by?

dp
Iy = quppE — gD, — - 4
dx
Where I, is the hole current, p, and D, are mobility and
diffusion constants for holes in n type material, and
p is hole density. Substituting (3) into (4) we obtain

P dN dp
Ip= —qD,| — — 4+ —|. 5
? 7 I:N dx +dx:' )

The steady state solution to (5) with the boundary con-
dition that p=0atx=w s

$ The condition N>>n; limits the accuracy of calculation to »> 3
X 101 for Ge at room temperature.

¢1V. Shockley, “Electrons and Holes in Semiconductors,” New
York, D. Van Nostrand, 1950, p. 304.

1 Ibid., p. 299.
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1, 1
gD, N(

w
» f V. ©)
x) J 2
The hole concentration, pa. in the base layer adjacent
to the emitter junction can be obtained from (6), and
is of interest since this quantity is related to the emitter
voltage by the boundary condition®

po = paoeEIFT (7)

where pao=thermal equilibrium value for hole concen-
tration in the base layer at the emitter junction and
Ve = emitter voltage. The hole concentration pg is

po = i fw/vd«— (8)
0 quNo , K X.

where N, is defined as the excess donor concentration
in the base layer adjacent to the emitter junction.

Derivation of Fundamental Transistor Paramelers

The transverse sheet resistance R of the base layer is
given as the reciprocal of the integrated transverse con-
ductance® and is very nearly

1 w
— = qu f Ndx (9)
R g
where R =resistance/square and g, =clectron mobility.
For any fixed geometry, the ohmic base resistance is
directly proportional to R. Thus, for circular geometry
the ohmic base resistance for the active region hetween
emitter and collector!'® is

R 1

ry = — = ————— (10)

8 8rquaNw

for uniform base layer.
The dc emitter eff.ciency is defined as

Ip
I,+ I
where I, and I, are the electron and hole currents re-
spectively crossing the emitter junction.

The electron current I, is!! (for uniform resistivity in
the emitter)

¥ (11)

gD, n®
= —_— (quElkT — 1)

L, P,

(12)

n

where P, is the acceptor concentration in the emitter
region, L, is the diffusion length for electrons in the
emitter? and D, is the diffusion constant for electrons
in the emitter region.

From (7), (8) and (9) we obtain

8 Ibid., p. 312.

9 Ibid., p. 16.

0 Early, op. cit.

u Shockley, op. cit. p. 314.

2 For emitter regions less than wu dilfusion distance thick, Za
must be replaced by a distance dependent on the emitter geometry
and recombination velocity at the emitter surfaces. ’
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I, = @D pu R etV EIFT, (13)
For Ve>>kT/q (12) and (13) give
R
y=— (14)
R+
qﬂanPO

This expression neglects possible differences in mobility
between emitter and base regions but does give the
general form of the dependence of ¥ on the geometrical
parameters. Note that the second term in the denom-
inator of (14), which arises from electron current into
the emitter, could be written as the transverse sheet
resistance of a slice of the emitter which is one electron
diffusion length thick. Eq. (14) shows that the dc emit-
ter efficiency is a function only of the sheet resistance
of the base layer and the conducting properties of the
emitter region. Also, for a given emitter region, v ap-
proaches 1 as R is increased. This places a lower limit
on R consistent with high dc . This requirement con-
flicts with the general objective of low ohmic base re-
sistance.

The average transit time for holes, 7, is given by

v dx
o
0 v
where v is the average velocity at position x. The veloc-
ity is related to the current I, by the relation

(15)

I, = pgv. (16)
A substitution for p from (6) gives
il = —1——fw1\’(x)d.r, 17)
v D N(x)J
hence,
;= f [—1— f "'1\'(x)dx:| dz. (18)
o LD N@)J

The alpha of a transistor, defined as the ratio of
change in collector current to corresponding change in
emitter current can be written as the product of v, 8,
and o* where ¥ is the emitter efficiency, 8 is the trans-
port factor and «* is the ratio of total collector current
to minority carrier current at the collector junction.
For the purposes of this paper, we assume that a* is
unity. Both 4 and 8 decrease in magnitude as frequency
is increased so that the frequency cut-off of alpha is
determined by a combination of the frequency behavior
of ¥ and 8. We will consider the frequency cut-off of ¥
and (8 separately.

In the transistor of Fig. 1, a drift-field exists in the
base layer which forces the holes in the base layer to
drift towards the collector junction. In this case, as dis-
tinguished from that of the uniform base layer, the fre-
quency cut-off of the transport factor is not proportional
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to the reciprocal of transit time. In fact we will have a
phase shift in 8 without the corresponding fall off in
amplitude.

A general relation between transit time 7 and fre-
quency cut-off can be obtained from the following con-
sicleration: The frequency cut-off of 8 (defined as the
frequency where the magnitude of 8 has fallen to 1/4/2
of its low frequency value) is proportional to the fre-
quency with which infinitely narrow spikes of holes can
be emitted at the emitter and still be distinguishable
when they have reached the collector. The spike of cur-
rent will start as a very narrow bunch of holes which
simultaneously drifts and diffuses towards the col-
lector.!® To a first order, the effects of drift and diffusion
can be considered separately so that we can say that in
time 7 (transit time) the bunch has spread in space to

a width of
d ~ +/Dyr. (19)

If we take d as the closest spacing of the bunches that
are still distinguishable, the spacing in time of the
spikes must then be

(20)

or
y 1 w
f ¢ B \/D,,‘ral2

fs = frequency cut-off of 8.

(21)

The values of transit time and frequency cut-off for
the uniform case have been calculated." From these
results (25), (26) the relationship of (21) can be reduced
to,

1 w
" VD, (27)

fs (22)
The nature of the assumptions used in obtaining (22)
limits its accuracy to within about 20 or 30 per cent.
However, the direction of error should be the same for
all distributions.

SrECIFIC DISTRIBUTIONS

The quantities R, 7, and fz will be discussed for four
specific donor distributions in the base layer. The excess
donor distributions will be taken as @) Uniform, b)
Linear, ¢) Exponential, and d) Complementary error
function. In cases b), ¢) and d) it will be assumed that the
concentration decreases from emitter to collector. As
hefore, the collector junction will be taken at x =w. The
uniform case has been extensively discussed and will

»

13\V. Shockley, “Transistor electronics: imperfections, unipolar
and analog transistors,” Proc. IRE, vol. 40, pp. 1289-1313; Novem-
ber, 1952 gives a more comprehensive dicussion of simultaneous drift
and diffusion of a bunch of carriers.

4 Shockley, et al., op. cit.
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be taken as the basis of comparison for all of the other
distributions. The subscripts 0, lin, exp, erfc will be
used to designate cases @, b, ¢, and d respectively to
facilitate the comparison.

Uniform
N(x) = constant = N,. (23)
From (9)
! N (24)
— = Quaw .
R, e
From (10)
v (25
™~ %, )
Also, the [requency cut-off for the uniform case is
D,
fo=—- (26)
W
Linear
x
N(x) = No(l = —) 27
w
! ! N ! (28)
_—— = — o w = —
Rin 2 0% TR,
w? 1 2
Tlin = 4Dp = 2 To ( )
and from (22) and (26)
2v/2 D ~
fin = —— — = 2/2s. (30)
T w
Exponential
N(x) = Noesl% — Ny, (31)
Collector junction is at x=w where N(x)=0; hence
w No
— =In— (32)
L N

(Actually, in the examples considered here, collection
occurs at a place in the base region where the concen-
tration of donors is at least as high, or higher, than the
concentration of acceptors in the collector region.
However, for purposes of comparison, the same con-
ditions are assumed for all distributions.)

1 1 1 N 1
== — +1 (33)
Rup Ro No Nn NO .
In— In —
N1 Nl

Fig. 2 shows a plot of Rexp/Ro as a function of No/N,
w2 2 f"'“‘“lnudu
1

2Dl N, /. No\?
In — In —
Ny ./Vl

(34)

Texp = 1 —u




76

January

PROCEEDINGS OF THE IRE
AP

16
/ ERF

frig
®

o
€6
« /
4
LINEAR
2 3
,
UNIFORM
4
102 03 04 108
No/N, LINEAR
Fig. 2—Effect of various impurity distributions, on base 2
layer resistance. UNIFORM
o
103 104 1038 108
No/M

Fig. 4—Effect of various impurity distributions on

In (34), the dimensionless parameter « is introduced to
frequency cut-off of 8.

demonstrate the dependence of transit time only on

No/N,. We can rewrite (34) as
.’Vo
T rof< - (35)
M and it will be assumed that N(x) =0 at x=w or
where f(No/Ny) is the multiplier of w?/2D, in (34). w )
Fig. 3 shows a plot of 7.xp/7 as function of Ny/N,, Ny erfc T =M (38)
‘7\70 —3/2 1 ]
Jexp = fo (f<1\—71>> : (36) R = Qu.Now (;fr 1 - 8""’"“)) (39)
1 1/ L -
- (*—_ (1 — o't )). (40)
Ren‘c -RO 'ZU\/ﬂ'
I‘ig. 2 also shows a plot of Rere/Ry as a function of

1o UNIFORM
JV()/Nl. AlSO,
. nw AY
°° erfc — — — dn
w? 1 ¢ No
to Terfe = - f ds. (41)
06 D,, J o tw N,
LINE AR erfc —_L_. — ;0_
o : In (41), the dimensionless parameters have been in-
\ e troduced so that integral is a function only of N;/N,and
0.2 —— ‘\& w/L which is a function of N1/N,. We may write
% ‘\'1
Terfe — TOg <~——> (42)
No
02 103 104 105
Mo/t where
Fig. 3—Effect of various impurity distributions on transit time. .
! nw Ny
i f erfc — — — ) dy
N, VJy L Ny
g(— =2f B A (43)
N, 0 tw N,
erfc — — —
L N

Fig. 4 has a plot of fex,/fo as a function of No/N,.
Fig. 3 shows a plot of 7ere/7¢ as a function of No/N,

Complementary Error Function
(37)

X
N(x) = Nyerfc 7~ - N,
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Also,

(44)

e ()

Fig. 4 has a plot of ferte/fo as a function of Ny/Nj.

DiscussioN

We have obtained formulas relating some of the
fundamental transistor parameters to the distribution
of impurities in the base layer. A direct comparison
between the attainable transistor parameters is desir-
able however. The essential transistor parameters
which affect the behavior of transistors include base
resistance, frequency cut-off of 8, low frequency v, fre-
quency cut-off of <, collector capacitance, low fre-
quency collector-emitter voltage feedback, space charge
layer widening effects on a.

In order to reduce collector capacitance and mitigate
“punch through limitations” it has been proposed that
a high resistivity layer be included between the base
and collector.}® This has the effect of forcing the space
charge region to extend towards the collector rather
than in the direction of the base layer. In this case, the
number of base layer donor atoms which are included
within the space charge region is essentially independ-
ent of the distribution of donors in the base layer, and
is a function only of collector voltage. Thus, the effect
of collector voltage on transverse base layer sheet re-
sistivity does not depend on the distribution of donors
in the base layer. The effects of collector voltage on
collector-emitter feedback and low frequency v are
also independent of the distribution of carriers in the
base layer, but are a function of the total number of
impurity centers. The requirements of high dc vy and
low »/ make it necessary to compromise the value of R
(base layer sheet resistivity) and this compromise is in-
dependent of donor distribution.

The parameters that are a function of donor dis-
tribution in the transistor structure that we have
hypothecated are f., the frequency cut-off, and N, the
density of donors in the base at the emitter junction.
The density N, is a large factor in determining the be-
havior of the emitter junction at high frequencies. For
thin base layers and low resistivity emitter regions,
the high frequency behavior of the emitter junction
may be approximated by the parallel combination of an
emitter resistance rg and emitter transition region ca-
pacitance Crg. On a unit area basis, and for a junction
approximating a step'®

Cre ~ V/Ny (45)
! (46)
Te [E

8 Early, op. cit.

16 W. Shockley, “The theory of p-n junctions in semiconductors
and p-n junction transistors,” Bell Syst. Tech. Jour., vol. 28, pp. 435~
489; July, 1949.
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The current which flows into Crg does not contribute
to hole flow so that the emitter has a frequency cut-off
(frequency cut-off of ) proportional to the reciprocal of
the time constant.

lg = reCre, 47

but

rCre ~ /' No/IE. (48)

Hence, if the ratio v/N,/Ig remains constant, the emit-
ter cut-off frequency remains constant. (Actually, Crg
is a function of the forward voltage, but this variation
is slow compared to the variation of Iz with voltage.)

In practice, the relation in (48) means that in order
to attain higher frequencies it will be necessary to oper-
ate transistors at higher current densities. Also, to
attain a given cut-off frequency in the emitter, the
operating current density is a function of the base layer
donor distribution.

In particular, distributions with high N, require
higher emitter current densities than those with low
N, to attain the same v frequency cut-off. However, it
will now be shown that, for equal base resistances and
the required higher current density consistent with
high v frequency cut-off, the distributions with high N,
actually operate at lower hole concentration. Eq. (8)
shows that, if the total number of impurities in the base
layer is fixed, the maximum hole density p, is given by

I,
po x — - (49)
0
Furthermore, if I,,/\/-Jvo is constant, then
! 0
o — .
b U, e

To present a concrete comparison of the base layer
designs, four Ge base layers equivalent in R and f,
were obtained by a cut and try process from Figs. 2, 3,
and 4. These base layer designs are shown in Fig. 5. It is
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assumed for this comparison that the density of ac-
ceptors in the collector is 101 and for the uniform case
the density of donors is 4X10'%/cm?® and W=2X10"*
cm.” Tt is seen from Fig. 5 that the nonuniform dis-
tributions require greater maximum donor concentra-
tions than does the uniform case. Thus for equal ¥
cut-off frequency the nonuniform distributions must
operate at higher current (and power) density than
does the uniform distribution, but at a lower hole
density. Also, the uniform case requires a narrower base
region than do the nonuniform cases.

We have not attempted to account for variation of
mobility across the base layer in the analysis. In the

17 This example is essentially the 200 mcps fo transistor given by
J. M. Early in reference 2.

January

examples of Fig. 5, this would certainly have an effect
since at .V =4X10" the hole drift mobility'® in Ge is
only 1,100 while at 10" (roughly the last third of the
transit for the exponential case) the mobility is approxi-
mately 1,800. The increased mobility at the end of the
transit would be at least partially compensated by the
lower mobility at the beginning of the transit so that
exact estimation of this effect is difficult.
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18 M. B. Prince, “Drift mobilities in semiconductors, I. Germani-
um,” Phys. Rev., vol. 92, pp. 681-687; November 1, 1953.

Surface Resistance and Reactance of Metals at
Infrared Frequencies”
J. R. BEATTIEY anp G. K. T. CONNT

INTRODUCTION

N A METAL the electrical current density and the

field strength decay exponentially at high frequen-

cies as the distance z from the surface increases.
Thus

J = Joexp (—2/8), (1

where J is the current density and & is the skin depth.
By Maxwell's theory & is related to ¢, the direct current
conductivity, so that

8 = ¢/ (2mrweo); (2)

w is the angular frequency. At 10? cycles per second, §
is of the order of microns in metals of high conductivity.
The ratio R of the electric field gradient to the current
per unit square at the surface is a convenient definition
of resistance at high frequencies, and

R = 1/(a8) = V(27w/ac?). (3)

At high radio-frequencies R may be obtained by meas-
uring the Q of resonators made of the material under

* Original manuscript received by the IRE, May 31, 1955; revised
manuscript received August 11, 1955.
t Dept. of Physics, University of Sheffield, Sheffield, England.

study.'™* Measured values usually exceed those cal-
culated from (3) but good electro-polished surfaccs
give close agreement. The discrepancies are almost
certainly caused by surface roughness; the presence of
strain or impurity in the surface layers appears to be
of less practical importance.

At infrared frequencies, greater than 10'? cycles per
second, (3) is inadequate. Writing CZ/4r as the ratio of
the electric to the magnetic field strengths at the sur-
face of the metal,’® we define the real and imaginary
components of the surface impedance, Z respectively
as the surface resistance R and the surface reactance X.
R may be determined from measurements of the inten-
sity of reflected radiation. If Ro? is the ratio of reflected
to incident intensity, then to a close approximation

1 — Re* = CR/w. (4

1 F. A. Benson, “Wave-guide attenuation and its correlation with
surface roughness,” Proc. IEE, vol. 100, pp. 85, 213; 1953.

2 F. A. Benson, “Attenuation in nickel and mild-steel waveguides
at 9375 Mc/s,” Proc. IEE, vol. 101, pp. 38; 1954.

3 A. C. Beck and R. W. Dawson, Correction to “Speed of elec-
tronic switching circuits,” Proc. IRE, vol. 38, p. 1181; October, 1950.

4 R. C. Chambers and A. B. Pippard, “Properties of Metallic
Surfaces,” Institute of Metals, p. 28; 1952.

5 J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book
Co., Inc., New York, N. Y.; 1941.

8 G. E. H. Reuter and E. H. Sondheimer, “Theory of the anoma-
lous skin effect in metals,” Proc. Roy. Soc. A, vol. 195, p. 336; 1948.
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Rubens and Hagen? measured Ry? for many metals and
this early work was taken to vindicate (3) at infrared
frequencies. Recently, considerable doubt has been cast
on this view which is in conflict with modern theories.3?
Though R and X are related,'® both must be measured if
investigation is limited to a particular frequency range.
This work shows that X is much larger than R so that
measurements of Ry? alone are of limited value.

The experimental methods used in the infrared are
essentially optical and it is natural to describe the be-
havior of materials studied in terms of a complex refrac-
tive index n# —jk. Save under special theoretical condi-
tions (Reuter and Sondheimer) this refractive index is
equivalent to reciprocal of surface impedance and

Z =R+ jX = 4=/c(n — jF). (5)

R and X have a more direct practical significance for
the present purpose and will be used to describe the
experimental results. The simple theory of electron
relaxation gives®:1:12

R= 1/ (Z)vimer+ v +un)  ©

¢’
X = 1/(%;)-\/{0,1+\/(1 + w?r?)}. )

7 is the relaxation time, that is the interval between
electron collisions. In each expression the factor which
forms (3) is multiplied by a function of 7.

The behavior of a number of specimens of silver,
aluminum, copper, and nickel is discussed below; these
have been studied in the range 2.5 to 15X 10" cycles per
second. Suitable values of 7 and ¢ have been chosen to
fit these results. The consequent values of ¢ do not in
general agree with accepted figures of the direct current
conductivity and the origin of this is discussed. In some
cases the temperature coefficient of ¢ has been measured.
Nickel specimens show undoubted departure from (6)
and (7); probable explanation that this is caused by in-
ternal photoelectric transitions between d- and s-bands,

EXPERIMENTAL METHOD

The only measurements of the optical constants of
metals in the infrared region, v less than 10* cycles per
second, from which both R and X may be deduced, are

7 H. Rubens and E. Hagen, “On some relations between the opti-
cal and electrical qualities of metals,” Phil. Mag., vol. 7, p. 162; 1904.

8 N. F. Mott and C. Zener, “Optical properties of metals,” Proc.
Camb. Phil. Soc., vol. 30, p. 249; 1934. The dispersion of free or
metallic electrons in terms of optical constants » and lc is discussed
in this paper.

9 R. B. Dingle, “The anomalous skin effect and the reflectivity of
metals,” Physica, vol. 19, p. 348; 1953.

10 T. S. Robinson, “Optical constants by reflection,” Proc. Phys.
Soc. B, vol. 65, p. 910; 1952,

3“ N. F. Mott and H. Jones, “Properties of Metals and Alloys,”

1936.
120. O. Wolfe, Proc. Phys. Soc. B, vol. 65, p. 910; 1952,
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| those of Forsterling and Fréedericksz.’* Opaque films of

silver, copper, gold, iridium, and platinum were exam-
ined over the limited range of 5.9 X 10" to 5 X 10! cycles
per second. In studiesof relaxation it is important to ex-
tend measurements to frequencies at least as low as
3X10% cycles per second. The experimental methods
which have been developed*% are applicable over the
whole range of infrared frequencies but attention has so
far been limited to frequencies larger than 2.5X 108
cycles per second since ample radiant flux is available,
relaxation effects can be measured and there is no
reason to suppose that, with metals, information is lost
by this limitation.

Plane polarized radiation falls at an oblique angle on
a specimen and the elliptically polarized light which is
reflected is analyzed by a second plane polar. At a given
angle of incidence ¢, two parameters p and A are
measured; p is the amplitude ratio of the two reflection
coefficients and A is the relative phase of these two com-
ponents polarized parallel and perpendicular to the
plane of incidence. Then, to a close approximation,®

4n 1 — pexp (74)
ctan ¢ sin¢ 1+ pexp (j4)

R and X are usually determined with an accuracy of
1 or 2 per cent.

R+ jX =

(8)

SPECIMENS

The depth to which radiation of wavelength \ pene-
trates an absorbing medium is A\ /4w or ¢/2wk;! in most
metals it is of the order of 10~% cm. Roughness or con-
tamination of the surface may therefore seriously in-
fluence Z though the defects are small compared with
a wavelength of visible light and therefore not obvious
to microscopic examination. Since such defects cannot
be eliminated entirely it is important to examine, in the
case of each metal, a number of surfaces prepared in
different ways. Specimens of bulk material have been
prepared by buffing, by mechanical polishing, by chem-
ical etching, and by electropolishing of annealed ma-
terial. Opaque metal films have been made by condens-
ing the metal vapor on glass at room temperatures;
these were deposited at pressures lower than 10~®* mm
Hg. It is well-known that the electrical conductivity of
thin films is significantly lower than that of bulk ma-
terial; using the technique of multiple-beam inter-
ferometry to determine the thickness, the direct current
conductivity was measured.!’

'3 V. Forsterling and Fréedericksz, “Optical constants of certain
metals in the infrared,” Ann. Phys., vol. 40, p. 201; 1913.
. ug, .R. Beattie and G. K. T. Conn, “Optical constants of metals
in the infrared principles of measurement,” Phil. Mag., vol. 46,
p. 222; 1955.

1 J. R. Beattie, “Optical constants of metals in the infrared-ex-
perimental methods,” Phil. Mag., vol. 46, p. 235; 1955.

10 If w<1/7 so that there is no reactive term, this reduces to (1).

8. Tolansky, “Multiple-Beam Interferometry,” Clarendon
Press, Oxford, England; 1948,



80 PROCEEDINGS OF THE IRE

301
Theoretical o—e—
t Xr Experimental 0 ©
Rand X
ohms [
10+
R
© 000080 —0—0 —=8—0—0

B2 133 134 135 36 B7 38 139 KO 14 M2
Loqnv

Fig. 1—Surface resistance R and reactance X of evaporated
silver as a function of frequency.
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Fig. 2—Surface resistance R and reactance X of evaporated
aluminum as a function of frequency.
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Fig. 3—Surface resistance R and reactance X of a copper surface,
mechanically polished, plotted against frequency.
EXPERIMENTAL RESULTS

Results which are typical of silver, aluminum, and
copper are shown in Figs. 1, 2 and 3 in which R and X
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Fig. 4—Surface resistance R and reactance X of annealed electro-
polished nickel plotted against frequency. At higher frequencies
the experimental points depart significantly from the calculated
dispersion curve.

are plotted as functions of frequency. The curves drawn
are calculated from (6) and (7). The values of ¢ and 7
used for this purpose were chosen to fit the experimental
results at low frequencies since there is evidence that
the dispersion of metallic electrons, described by (6) and
(7), is the only significant influence at such frequencies.!®
o and 7 are given by the equations

o = 2rw/(RXc?*) and 7 = — (R? — X?)/(2RXw). 9

These follow immediately from (6) and (7). The simple
theory of electron relaxation is vindicated by the close
correspondence between the experimental points and
the theoretical curves. The importance of the reactive
component X is obvious. It may be noted that in all
cases investigated the value of ¢ which is deduced is
considerably less than that measured with direct cur-
rents.

Fig. 4 is representative of specimens of nickel. Clearly
(6) and (7) are not adequate; the significant influence
of absorption other than by conduction electrons is
briefly discussed elsewhere.!® At low frequencies this
absorption is trivial and (9) has been used in this re-
gion to calculate 7 and ¢; the latter is again much less
than that measured with direct currents.

A summary of many experimental measurements is
given in Table I. 7 and ¢ are listed with v the effective
number of “free” electrons per unit volume which is
calculated from the simple expression!!

18 J, R. Beattie and G. K. T. Conn, “Optical constants of metals
in the infrared-silver, copper, and nickle,” Phil. Mag., in press.

19 J. R, Beattie and G. K. T. Conn, “Resonance absorption of
nickle in the infrared region,” Phil. Mag., in press.
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TABLE 1
SUMMARY OF EXPERIMENTAL RESULTS*

81

Metal Preparation | gE.8.U. ' T secs. y/atom | I ap.c./a

Sies Evaporated | 23.4 x108 | 1.75%10-4 0.90 | 1.4 —
Mechanically polished 19.5 X 10t 1.61X10~1 0.81 I 2.9 ‘ 4
Metal-polish L1227 Kios ' 2.05% 101 0.39 18 =
Etched 6.9 X101 ‘ 3.3 X10u 0.14 8.4

Aluminum Evaporated ’ 11.6 X101 6.1 X101 1.28 1.3

Copper Evaporated 12.4 X 10 1.41 X101 0.41 2.0
Mechanically polished 13.5 X10 1.80X 1014 0.35 3.9
Electrolytically polished 9.1 X101 1.41X10~4 0.30 5.7
Scratched 4.9 X108 1.06X10~1 0.21 10.6 —

Nickel Evaporated , 3.16X 10t 1.02x1071 0.14 1.5 5.5
Mechanically polished 2.68X% 10 0.81 101 0.14 4.3 20
Electrolytically polished 3.93 %10 1.24X10~u 0.14 2.9 4.6
Etched | 1.47X10 1.32X10™14 0.05 7.8 —

* With evaporated films op_¢. is that of the film not the bulk value. ag, is the temperature coefficient of the direct current conductivity

of bulk material and « the temperature coefficient of ¢ measured at infrared frequencies.

o = yelr/m.
(m denotes the mass of an electron).

Figures for the conductivity of each metal vary con-
siderably with treatment of the surface. The general,
and obvious, conclusion may be drawn that rougher
surfaces show lower value of ¢ but even the most bril-
liant mirror finish, however obtained, yields figures which
fall short of those measured with direct currents. Such
discrepancies may be caused by surface irregularities of
the order of 10~ cm, an interpretation which finds some
support in the behavior of liquid metals. Color is also
lent to this view by the temperature coefficients listed.
These were obtained by measuring the R and X of speci-
mens at 250° C and were very much smaller than the
figures commonly accepted. Elimination of the influ-
ence of surface roughness may eventually permit a more

satisfactory explanation in terms of ‘“‘anomalous skin
effect’”;%-® a discussion on such lines is premature at this
stage. For normal metals at room temperature Reuter
and Sondheimer showed that, assuming specular re-
flection of electrons at the surface of the metal, the
anomalous skin effect is not important. Dingle discusses
in detail the influence of diffuse electron reflection and
it appears not impossible that a theoretical treatment
on these lines may account for the low values of o9 re-
ported. Dingle's theory, however, predicts a departure
from the form of classical dispersion contrary to these
results for silver, copper, and aluminum.
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Transverse-Field Traveling-Wave Tubes with
Periodic Electrostatic Focusing*
R. ADLER{, FELLOW, IRE, O. M. KROMHOUTY, anp P. A. CLAVIERT, MEMBER, IRE

Summary—Traveling-wave tubes are described in which the
wave-propagating structure constitutes a smooth, balanced trans-
mission line for radio frequency signals while at the same time pro-
viding a space-periodic focusing field at zero frequency. Experimental
structures for the 500-900 mc band have wave velocities of 1 to 2
per cent of light and characteristic impedances of about 500 ohms.

A simplified theoretical analysis is given, based on the readily
visualized concept of transverse electron waves in a focusing field.
In order to get gain, the electron stream must travel faster than the
circuit wave by a substantial margin which is determined by the
strength of the focusing field. The gain is proportional to the square
root of the beam current.

Experimental data are presented concerning the relation between
focusing field and effective beam velocity, and between beam current
and gain. They are in good agreement with the theory.

Noise figures as low as 6 db have been measured.

which the high-frequency signal fields and the

periodic electron motions which correspond to
these fields are perpendicular to the direction of wave
propagation and of electron flow. The electron stream
in these tubes is shaped like a thin, flat ribbon; it
originates at a long, narrow, cathode, passes through
focusing and collimating slits and enters the interac-
tion space, where it is kept thin by a chain of electro-
static lenses.

The experimental tubes described in the following
were designed for the uhf band, 500 to 900 mc. The
principles of their operation, however, are not restricted
to any particular band and same type of structure or a
similar one may be used on other frequency ranges.

THIS PAPER deals with traveling-wave tubes in

THE TUBE STRUCTURE
The Slow-Wave Circuit

The wave-propagating structure, shown schematically
in Fig. 1, is symmetrical about a center plane which is
also the mid-plane of the thin electron stream. On each
side of the center plane there is a helical winding which
has the cross-sectional shape of a thin rectangle. High
frequency signals are applied to this balanced structure
from a push-pull source and the amplified signals are
delivered to a push-pull load. In the center plane the
electric field is purely transverse for reasons of sym-
metry; longitudinal components exist outside the center
plane but for the dimensions employed these compo-
nents are small enough to remain negligible throughout
the region of electron flow.

The helices used in the experimental tubes were
wound on rail-shaped ceramic bars having a cross sec-
tion of 0.550 inch0.63 inch. Each helix was bifilar,
being made up of two interlaced windings, each of 44
turns per inch. The spacing between the two helices

* Original manuscript received by the IRE, August 10, 1955; re-
vised manuscript received, September 19, 1955.
t Research Dept., Zenith Radio Corp., Chicago 39, Ill.

was varied from 0.064 inch to as little as 0.010 inch.
Propagation velocities of the transverse field wave on
such structures were measured over the range of fre-
quencies from a few mc up to 1,000 mc by observing the
length of standing waves along the helices. For this
purpose the two interlaced windings of each helix were

ELECTRON
SHEET

BALANGED
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Fig. 1—Balanced wave propagating structure, with electron stream
along center plane.

connected together at both ends. At the lower frequen-
cies the standing waves were measured by shorting the
helices together at one end and observing the frequen-
cies for which the impedance is zero at the other end;
above 400 mc, where end effects were no longer negli-
gible, the field pattern along the helices was explored
with the aid of a small movable inductive probe.
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Fig. 2—Phase velocity of balanced flat helices (in terms of light
velocity ¢) vs frequency for three values of spacing between
helices. Spacing of 0.030 inch is used in present tubes.

Fig. 2 shows some of the results of these measure-
ments. For the widest spacing, the propagation velocity
is more than 2 per cent of light at low frequencies but
falls off rapidly toward higher frequencies. For the
narrowest spacing, low frequency propagation is slower
than 1 per cent of light and after an initial drop, a
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slight increase of velocity occurs toward the higher
frequencies. At 0.030 inch spacing, the velocity in the
range from 3500 to 900 mc is practically coustant at
1.5 per cent of light. Thus, the circuit wavelength \
is 0.365 inch at 300 mc and 0.197 inch at 900 nic. The
corresponding propagation constants (y=2x/\) are
17.2 per inch at 500 mc and 31.7 per inch at 900 mc.
With a spacing D=0.030 inch between the helix sur-
faces, the product y-D becomes 0.52 at 500 mc and
0.95 at 900 mc. These figures are of interest with respect
to the theoretical analysis which follows later.

In addition to the transverse field wave, the structure
shown in Fig. 1 can also propagate a longitudinal wave.
It is of interest to know the velocity of this wave be-
cause if it accidentally coincided with the velocity of
electron flow, traveling-wave amplification of the con-
ventional kind would occur. Measurements show that
the longitudinal mode on this structure is 90 per cent
faster than the transverse mode at 500 mc and 40 per
cent faster at 900 mc.

Returning now to the transverse field, the character-
istic impedance of such a structure can be defined like
that of a two-wire transmission line, as the square of
the voltage between corresponding points on the two
helices divided by the power flow. The transverse field
in the center plane is generated by that same voltage.
A known perturbation of the transverse field, produced
for instance by inserting a sheet of mica between the
two helices, causes a drop in phase velocity from which
the characteristic impedance can be computed. For
0.030-inch spacing, the structure described above meas-
ures several thousand ohms at very low frequency,
about 600 chms at 500 mc and 400 ohms at 900 mc.

The 0.030 inch spacing was used in all experimental
tubes. A phase velocity of 1.5 per cent of light corre-
sponds to the speed of electron flow at 57 volts; this
illustrates the magnitude of the voltages employed in
such tubes.

Beam Forming and Focusing

Fig. 3 illustrates the electron gun which was used.
The first slot following the cathode is held at negative
potential; it serves to control the total current and to
confine the active portion of the cathode to a narrow
strip of high density. The following accelerator slot is
held at about 400 volts to produce the required field at
the cathode. After passing the accelerator the beam
enters a retarding field and diverges; a small slice,
about 10 to 15 per cent of the total cathode current in
the present tubes, is selected by the third slot which
is only 0.005 inch wide. This slot, together with the
metallic mounting brackets for the ceramic bars and
with the helices themselves, forms an entrance lens
which projects the collimated beam into the interac-
tion space.

The two centering wires shown in Fig. 3—one electri-
cally connected to the third slot, the other brought out
separately—make it possible to start beam along the
center plane in spite of accidental asymmetries in the
gun, and study effects of incorrect beam centering.
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Space charge forces, if left to themselves, would make
the thin beam grow rapidly thicker; periodic electro-
static focusing is used to prevent this. In a recent paper!
it was pointed out that the spatial period of such a
focusing system must be of a certain minimum size if
orderly beam flow is important; unless the thickness of
the beam is small compared to the spatial period, trans-
verse motions impressed upon the beam at one point
along its travel soon turn into turbulence. The pitch of
the windings used in these tubes (0.023 inch) is not
nearly large enough to serve as spatial period; thus it

CENTERING

ENTRANGE
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COLLIMATOR

Fig. 3—Profile of electron gun, showing small slice
of beam selected by narrow third slot.

is not possible to obtain suitable focusing by applying
two different dc potentials to two interlaced uniform
windings in the manner described by Tien? without
changing some important parameter by a large factor.
This did not appear practical.

What is required here is a structure which combines
the uniformly distributed high frequency properties of
a smooth transmission line with the space-periodic dc
field needed for focusing. Several alternatives which
combine these properties were studied. The structure
finally chosen is shown in Fig. 4. This is still a bifilar

PERIODIC FOCUSING

Fig. 4—Edgewise view of bifilar winding arrangement for electro-
static focusing. Shaded areas represent the notched ceramic
forms; the two separate windings on each form, shown in white
and black, are held at separate dc potentials V, and V.

helix pair, with the two windings on each bar operated
at two different dc potentials V; and V,. But the turns
are no longer of uniform cross section; instead, one
winding is exposed to the electron stream while the

! 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.

? P. K. Tien, “Bifilar helix for backward-wave oscillators,” Proc.
IRE, vol. 42, pp. 1137-1143; July, 1954.
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other is recessed into grooves cut into the ceramic form,
thus shielded from the electron stream by the first
winding. At regular intervals, the recessed and the ex-
posed windings interchange their roles. This is ac-
complished by arranging the grooves in such a pattern
that a winding of constant pitch alternately drops into
one group of grooves and rides between the grooves of
the next group. A bifilar winding of constant pitch is
thus made to form a periodic focusing structure with a
spatial period which may be made as long as desired.
In the experimental tubes, this period equals 0.20 inch
or nine times the pitch.

The depth of the recesses is only 0.015 inch, a little
less than one-quarter of the minor cross-sectional di-
mension of the winding. This is not enough to cause any
substantial change in the propagation properties of the
structure; each bar still acts essentially like a uniform
bifilar helix.

The over-all length of the bars is 2.25 inches, and the
wound length a little less than two inches. This is
rather short for a traveling-wave tube, but not too
short to provide useful gain, and it simplifies the task
of putting windings on the fragile ceramic bars.

Terminations

In the frequency range between 500 and 900 mc, the
characteristic impedance of the helix pair is not very
much higher than the 300 ohms commonly used in
balanced transmission lines for this range. To obtain a
reasonably good match to such lines, quarter-wave sec-
tions of intermediate impedance are provided at both
ends of the structure. This is done by increasing the
distributed capacity of the last three bifilar turns.

Fig. 5—Transverse-field traveling-wave tube. Flat helix surfaces are
perpendicular to plane of photograph. Electron gun at left; two
of the wires at left and two of the base pins at right form the
300-ohm balanced input and output lines.

At each end of each helix, the two bifilar windings are
connected together through small barium titanate discs
which constitute short circuits for signal frequencies.
This makes it possible to save four external connections:
only the two low-voltage windings are brought out
through one end of the tube, and only the two high-
voltage windings through the other.

Fig. 5 shows a complete tube, photographed to give
the effect of a cross-sectional view. Fig. 6 shows the
tube parts including an assembled helix pair (spaced
somewhat farther apart than in the experimental
tubes) and a single, partly wound ceramic bar.

January

ELEMENTARY ANALYSIS OF THE TRANSVERSE
FieLp TUBE

Transverse Electron Waves

A general theory of the transverse field traveling wave
tube has long been available in the literature.? It treats
the interaction between slow-wave circuits and electron
streams throughout the range of relative velocities and
focusing fields.

Elementary considerations regarding the mechanism
of interaction in transverse fields teach us that sub-
stantial effects will occur only if a certain numerical
relation exists between velocities, focusing field and
signal frequency. Since practical tubes must obey this
relation, we might reasonably ask whether a simplified
analysis might not be made for this special case. It
turns out that the resulting simplification is consider-
able, and that the analysis correctly predicts the per-
formance of practical tubes.

Fig. 6—Components of tube, from left to right: bracket for support-
ing helices, slots for electron gun, and cathode; pair of helices in
position as mounted in tube; partially wound helix showing bifilar
winding; collector and capacity-loading element for matching.

Consider a slow-wave circuit on which waves, excited
by a generator of angular frequency w, travel in the 432
direction at a velocity . An observer at a fixed point
anywhere along the circuit notes an electric field which
alternates at the frequency w. A moving observer finds
a different frequency, because of the Doppler effect;
if his speed of motion ug coincided with , he would
observe zero frequency. Generally, the frequency w4
which he observes is

Ug
wa = w(l — —)
%

If the observer travels faster than the wave (1p>u),
w4 becomes negative; as in the familiar case of a beat
note passing through zero, the minus sign merely signi-
fies a reversal of phase rotation.

(1)

1 J. R. Pierce, “I'raveling-Wave Tubes,” D. Van Nostrand Co.,
Inc., New York, N. Y., ch. XIII; 1950.
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In some instances the sense of phase rotation is not
important. For these we can write

Uy IwAI
— =1 4+
" w

(2)

A case in point is the excitation of a resonator by a
driving force of appropriate frequency. If the observer
carries such a resonator, tuned to some fixed frequency
wg which he wishes to be excited by the field, he can
accomplish this even though wgsw, by traveling at
one of the two suitable speeds %z given by (2).

An electron in a focusing field represents this kind of
an observer. In a homogeneous magnetic field, elec-
trons may easily be thrown into large transverse motion
if the driving force acts at the cyclotron frequency; a
periodic electrostatic focusing field, on the other hand,
exerts upon each electron an elastic restoring force and
thus again renders it resonant at a well-defined fre-
quency.!

An electron stream of velocity ug in a focusing field,
which establishes a transverse resonant frequency
wg, will therefore react strongly to a circuit wave whose
velocity u and signal frequency w are properly related.
We may use (2) to obtain the two suitable wave veloci-
ties:

Uig = ———— (3)

and the propagation constants vy, =w/u,, Ye=w/usy:

w + wg w
ug ug

Yiz =

where yp=wg/1E.

Once an electron stream has been exposed, even for
a short portion of its travel, to one of the two signal
ficlds described by (3), its electrons will keep on oscil-
lating at their resonant frequency wy while they move
forward. Thus (3) and (4) describe the velocities and
propagation constants not only of two kinds of slow-
wave circuits capable of influencing the stream, but
also of two free transverse electron waves which may
exist on the stream. These waves—one faster and one
slower than the stream—are evidently similar to the
familiar longitudinal space-charge waves first described
by Hahn and Ramo;* the analogy between transverse
field traveling-wave tubes operated with a focusing field
and velocity-modulating traveling-wave tubes working
under high space charge conditions was pointed out by
Pierce.® It is important, however, to remember the dif-
ferences. The two transverse electron waves are sepa-
rated not because of space charge but only because of
the focusing field; their separation remains the same
regardless of current density as long as the focusing

* Simon Ramo, “The electronic-wave theory of velocity-modulated
tubes,” Proc. IRE, vol. 27, pp. 757-763; December, 1939,
b Pierce, ap. cit., p. 169.
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field is not changed, and generally they are quite far
apart in velocity: a separation of less than +10 per cent
is rare, and +25 per cent is common in practical tubes.

If the two electron waves exist at the same time,
they beat with each other and form a standing wave.
Since the difference between the two propagation con-
stants [from (4)] is 2y, the length of a standing wave is

2 T Ug
A== =7 —. (5)
2ye g wg

A simple physical interpretation of this standing-
wave picture is given in Fig. 7. Here, an electron stream
guided by a focusing field passes between a pair of short
deflectors. Electrons which receive a transverse im-
pulse while passing the deflectors oscillate transversely
at the frequency wg and thus cross the center plane at
time intervals separated by half cycles, or 7/wg; during
each of these intervals they cover a distance
Az=ugp(r/we), the length of one standing wave. It
might be noted that the experiment illustrated in Fig. 7
is easily performed; there is no restriction on the signal
frequency to be applied to the deflectors, and any con-
venient signal down to zero frequency may be used.
Since the forward velocity ug is generally known rather
accurately, direct observation of the trajectories, for
instance by means of off-center targets, is a convenient
means for measuring the transverse resonant frequency
wg in periodically focused structures.
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