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Some Recent Contributions to Synthetic Rubber Research*

By C. S. FULLER

Introduction

HEN the war put an end to shipments of natural rubber from the Far

East, it became evident that synthetic chemistry would be called
upon to fill the gap in our supply of this strategic material. We know now
how effectively the emergency was met. In less than three years the
production of Buna S type synthetic rubber alone had risen to exceed our
total prewar comsumption of natural rubber. Few, however, realize the
magnitude of the effort and the extent of the cooperation between groups of
experts that was essential for the achievement of this success.

Rubber companies in this country had been experimenting with synthetic
substitutes for natural rubber for some time before the present war began.
None of these products, however, was sufficiently advanced either from the
stand-point of raw materials or in regard to the knowledge of its properties,
to warrant production on a large scale as a substitute for natural rubber
during the emergency. In 1942, following the advice of the Baruch Com-
mittee, we decided to place chief reliance on Buna S, the butadiene-styrene
synthetic rubber which the Germans developed about 1934. In addition,
considerable support was given to the domestic synthetics, Neoprene, Thio-
kol and Butyl. The latter rubbers, however, were not considered as useful
for tires as Buna S.

Making Buna S in this country and fabricating it were not simple, how-
ever. The Germans had kept the details of the process secret and restricted
shipments of the product. Besides, as we have since found out, the German
chemists did not have any too complete control of the process themselves
and the type of rubber made by them, as shown by samples obtained
indirectly, was not satisfactory for use on- American processing machinery.
Our engineers and research men were therefore faced with the problem of
setting up a process on an enormous scale to turn out a product which could
be used in our tire plants and which would give satisfactory service on the
road. Fortunately for us, a few companies had acquired enough knowledge

‘ The investigations described in this article were carried out under the sponsorship of

the Reconstruction Finance Corporation, Office of Rubber Reserve, in connection with
the Government synthetic rubber program.
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both from German sources and from their own researches to warrant taking
the gamble.

As a part of the large program laid out under the auspices of the Govern-
ment in 1942, provision was made for a cooperative research and develop-
ment effort to parallel and to contribute to the constructional program
designed to provide the much needed rubber. A large number of company
laboratories as well as universities contributed to this research. The Bell
Telephone Laboratories because of its past contributions in this field of
synthetic polymers was asked to participate in this program. The present
discussion is intended to describe part of the Bell Laboratories investigations
directed toward the improvement of Buna S type rubber, particularly work
relating to the characterization and control of the final copolymer.

In order to present the material in a logical and understandable form to
readers unfamiliar with the subject-matter, brief mention will be made of
the history of the synthetic rubber problem and of progress in the knowledge
of polymeric substances during recent years.

The Problem of Synthetic Rubber

The problem of synthesizing natural rubber is almost as old as man’s
curiosity about the nature of rubber itself which began when Faraday in
1826 first showed it to be a hydrocarbon having the formula Ciollis. Ex-
periments done by Williams in 1860, in which he obtained isoprene from
natural rubber and by Bouchardat in 1879, who showed that isoprene could
be polymerized to a rubber-like material, represent about as close as we
have come to synthesizing natural rubber in spite of many subsequent
efforts. In 1910 particularly, when the price of natural rubber reached $3
per pound, considerable pressure was exerted to bring about this synthesis.
Although the chemist failed in this quest his very failure, analyzed in the
light of more recent studies on other polymers as well as rubber, has had its
virtues. It has emphasized the importance of chemical structure, that is
the precise organization of the atoms composing the rubber molecules (in
addition to simply the nature of these atoms) in determining the ultimate
properties of a polymer.

Although natural rubber eluded synthesis, the early organic chemical work
nevertheless laid the basis for our present synthetic rubber. Curiously,
much of this pioneering research on synthetic rubber was done in England
with the support of strong proponents of natural rubber. However,
Germany and Russia were also active contributors. The United States
later achieved fame by bringing forth two of the most promising rubbers yet
produced, Neoprene and Butyl. The early foreign synthetics were based
on the polymerization of hydrocarbons such as 1-methyl butadiene and 2,3
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dimethyl butadiene and butadiene itself. They were undoubtedly
“rubbers” of a sort but there could be no question about their inferiority
to the natural product. Even today the Russians persist in making their
synthetic rubber from butadiene and, although there have been improve-
ments, the polymer is still subject inherently to the same fundamental
difficulties of structure that existed when it was first synthesized by Lebedev
in 1911.

The deficiencies in the early synthetic rubbers and the difficulty of synthe-
sizing natural rubber were appreciated in Germany where in the period 1935-
39 several plants were constructed to manufacture synthetic rubber, including
Buna S, on a large scale. By polymerizing together butadiene and styrene
instead of butadiene alone they achieved several advantages over previous
synthetic rubbers. The fact that the best opinion in this country decided
in favor of imitating German Buna S, shows that progress in Germany was
indeed substantial. As we have already indicated, however, improvements
were necessary in both the German product and process if it was to be
satisfactory for our use. The product developed in this country and now
being currently produced at the rate of nearly 700,000 tons per year, although
prepared from the same starting materials as German Buna S, therefore
differs from the latter in many important respects. The name Government
Rubber-Styrene, abbreviated GR-S, has been given to this product.

History of the Development of ldeas of Composition

and Structure of Polimers

All rubbers, both natural and synthetic, as well as all organic plastics and
fibers belong to a class of substances called polymers. We now know that
they are constructed of large molecules, in turn built up of simple atomic
patterns (repeating units) joined end to end. Surprisingly, it was not until
about fifteen years ago that this idea gained general acceptance among
chemists. Since that time truly remarkable research progress on polymers
has been made. It is not our,object to present a full account of this work
here. Most of it was carried on independently of its application to the
synthetic rubber problem but nevertheless has had a profound effect upon
it. A brief review of the growth of the present concepts of natural and
synthetic polymers will, however, help to emphasize the significance of the
more recent researches on synthetic rubber.

For a long time chemists believed that naturally occurring polymers like
natural rubber, cellulose and silk were indefinite chemical compounds in
which the arrangement of the atoms was so complex as to defy analysis.
As has been mentioned, Faraday had shown in the case of natural rubber
that carbon and hydrogen atoms were present in the ratio of 16 hydrogens
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for every 10 carbons. It was not until much later that it was postulated
that rubber, inasmuch as it had the same hydrogen to carbon ratio as
isoprene obtainable from it, was a compound in which many isoprene groups
were in some manner combined together. Thus, Harries about 1904 was
inclined to regard rubber as a sort of association complex representing a
combination of relatively small ring molecules held together by van der
Waals’ attractionsl This same view of polymers as associations of small
molecules was also applied to cellulose by well-known carbohydrate chemists
both in England and in Germany.

The influence of the contemporary colloid chemists helped to promote this
idea. Even the term “micelle”, applied by them to soap and other aggre-
gates, which are in fact van der Waal’s or ionic associations, was unfortu-
nately adopted to describe the structure of many of the organic polymers.
In addition, early x-ray studies on natural polymers, because of a misinter-
pretation of the diffraction patterns, lent further support to these views.
For some reason or other it was not appreciated by workers in the field that
the x-ray unit cell did not necessarily mark the boundaries of the organic
molecule. Hence, since the unit cells appeared to be small, many errone-
ously concluded that the molecules were small also. It is to Sponsler and
Dorc2 working in this country in 1926 on the x-ray structure of cellulose
fibers, that we must give thanks for being the first to realize the incorrectness
of the older x-ray deductions and to postulate a long primary valence chain
structure for cellulose.

The realization that natural organic polymers really consisted of very
long chains of primary valence bound atoms, in the strictly organic chemical
sense, came surprisingly slowly. Staudinger in Germany beginning about
1926 was most insistent on this view3 although others including Meyer and
Mark were developing the same conception. As early as 1910 Pickle in
England had conceived of such a chain type of molecule for natural rubber
but unfortunately did not follow it up. As the idea of molecules of large
size grew, it became more and more popular to try to measure them. Also
there was much effort given to working out the details of the “crystal
structure” of the natural products insofar as they could be regarded as
crystalline. Here again was an opportunity for argument which is still
going on today: just what do we mean by the term “crystalline” when
applied to these substances? The answer seems to be that we have all
degrees of organization of the molecules, or more correctly parts of molecules,
in polymers from the completely chaotic or amorphous in some to highly
ordered or what may be called crystalline arrangement in others. We shall
have occasion to come back to this subject in our later discussion.

It was logical that the interest of scientists in the constitution and struc-
ture of polymers should be lavished on naturally occurring high polymers
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rather than on the synthetic ones. But strangely enough it has been the
synthetic polymers which have really led us to a more complete understand-
ing of the natural substances and particularly to the explanation of why
polymers have the properties they do.

The early work on synthetic polymers, as we have seen, centered around
the constitution of natural rubber and efforts to duplicate it. Soon, how-
ever, organic chemists found they could make better products from other
dienes than they could from isoprene which seemed to be the progenitor of
natural rubber. The approach was necessarily empirical—one of trying out
a variety of reaction conditions on the chemical compound to be polymerized
and studying the properties of the final product as compared to natural
rubber. Nearly always the comparison was disappointing. Following this
procedure the Germans and the Russians developed their respective com-
petitors for natural rubber from 1910 to the present time. The organic
chemistry of polymerization, the reactions whereby the simple unsaturated
compounds join up into longer molecules, was, however, very imperfectly
understood in 1910 and still is not clear today.

Perhaps it was for this reason that some organic chemists decided to build
large molecules by methods in which they had acquired great confidence in
regard to how the atoms come together. Emil Fischer, the first of this
group, succeeded in synthesizing a polypeptide molecule of known composi-
tion and known organic structure which, although smaller in size than the
natural proteins, nevertheless was very large compared to the usual organic
molecules. This was in 1906. . About 20 years later the matter was again
opened up in a more general way by Staudinger and his collaborators who
synthesized chains built up of alternate carbon and oxygen atoms, the
polyoxymethylenes, and showed how such large molecules could give rise to
a pseudo-crystalline type of crystal lattice. Then came the simple and
beautiful work of W. H. Carothers and his collaborators beginning in 1928,
which led to the development of nylon. These compounds and the linear
polyesters, which Carothers had (by improvement of the methods of Vor-
lander4 and others) prepared, 'because they were known to contain long
chain molecules of definite structure and composition, were ideal compounds
to examine in order to determine what factors were truly responsible for
observed polymer behaviors. In this way it was hoped to explain the
outstanding toughness, high tensile strength, rubberiness, peculiar softening
and flow properties and a host of other characteristics of polymers which
make these materials so important in life processes and technology. Re-
searches along these lines have indeed shown that the way the various units
are combined and the regularity of the atomic arrangements in the units
themselves have a profound effect on properties.

This work has also emphasized the importance of size and linearity of the
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chain molecules on polymer behavior. For example, the length of the mole-
cules which are present in a polymer is of critical importance to certain
properties such as mechanical strength. These facts, as well as the necessity
for order in the arrangement of the molecular units along the chains were not
appreciated by the early organic workers. That Carothers realized what
many of the older organic chemists did not realize is indicated by his state-
ment made in 1934 that the problem of physically characterizing polymers
in significant numerical units is of the utmost importance and that it should
receive more attention jointly from physicists and chemists.

Some Physico-Chemical Features of Polymers

We have seen very briefly how the quest for the origin of properties of
rubbers and polymeric substances in general led of necessity to a study of the
intimate details of chain molecule structure on the one hand and a study of
the general characteristics of large molecules on the other. Before taking
up the specific researches on GR-S synthetic rubber, however, it will be
helpful to pursue somewhat further the ideas on the formation and constitu-
tion of polymers.

There are two general chemical processes by which polymer molecules are
formed, namely polymerization and polycondensation. Chemists, at times,
use the first term to represent all processes leading to the formation of large
molecules but it is more convenient to distinguish two processes even though
the difference between them is academic in some cases. In polymerization,
chemical molecules called the monomers, become “activated” either by heat
energy or by means of special chemical compounds. In this state they
spontaneously grow at the expense of their unactivated neighbors until the
growth of the chains is abruptly terminated, either by active chains coming
together or by a transfer of energy to other, often foreign, molecules. The
entire growth reaction for any given chain usually takes but a fraction of a
second for completion. When two or more different monomers capable of
polymerization enter together into the same chain molecule formation the
process is referred to as “copolymerization”.

In polycondensation, identical or non-identical molecules react to give
large molecules just as in polymerization. The difference is that in the
former reaction a molecule of water (or other substance) is evolved each time
a new molecule is added to the growing chain system. Also the reaction
resulting in chain growth is step-wise in the sense that each added molecule
follows the same steps in reacting that are followed by any other. No
special type of activation on the end of the growing chain is necessary.
Finally, since there is no activated growth, the phenomena of termination
in the sense used above in connection with polymerization do not exist.

Both kinds of polymers are important technically. Thus polystyrene is a
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polymerization type of polymer. Nylon on the other hand is a polyconden-
sation polymer. Buna S type synthetic rubber is a polymerization copoly-
mer because it is formed by polymerizing together styrene and butadiene
monomers.

One of the important characteristics about reactions leading to the forma-
tion of polymers is that they result not in molecules of the same size but in a
statistical distribution or mixture of molecules of various sizes. These
molecular weight distributions, as they are called, in special cases can be

[e] 25 50 75 100 125 150 175 200 225 250
X= NUMBER OF BASE UNITS IN GIVEN CHAIN

Fig. 1.—Curves showing frequency distribution of molecule species of different chain
lengths for linear polyesters (Flory—reference 5).

calculated from the nature of the reaction. In other instances this is not
possible, although experimentally it is often possible to arrive at an approxi-
mate curve representing a given polymer distribution. Figure 1 shows a
series of curves for a linear polyester in which the reaction conditions are
such that the calculated curvessrepresent very closely the actual distribution
of molecules present. The curves represent the weight fraction of each
molecular species present in the mixture at the extent of reaction shown on
each curve.

It is customary to speak of an “average molecular weight” therefore in
characterizing these polymer mixtures. Several different types of averages
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are used for convenience. The two most frequently employed are what are
termed the “number average” and the “weight average”. If osmotic
pressure measurements are made on solutions of the polymer and extra-
polated to zero concentration these will lead to a number average molecular
weight figure. This average represents what we would obtain if we sorted
out the molecules according to molecular weight and counted them. Multi-
plying each molecular weight (mi) by the number present (111) and dividing
by the total number of molecules we obtain the number average molecular
weight (Mr) or stated mathematically

— 1
" 2%»,- (1)
VIi

where/< is the weight fraction of species of molecular weight, «/,e.

Usually the osmotic pressure measurements are difficult to carry out and
a simpler measurement, that of dilute solution viscosity (DSV) is per-
formed. This determination consists in measuring the relative viscosity of
a solution of the polymer at one given low concentration and calculating

(DSV) = IALr ()

where ijr is relative viscosity and c is the concentration in grams per 100 ml.
of solution. A more fundamental quantity usually differing little from the
DSV value is the so-called intrinsic viscosity. This is defined as [7] =
InTr
@0
to zero concentration just as for osmotic pressure. From this value a
molecular weight, which may be referred to as a viscosity average molecular
weight, can be calculated from the empirical expression [7] = K (M v)awhere
both K and a are constants over a fairly wide range, and which must be
independently determined. In some polymer distributions this viscosity
average is very close to the weight average defined by

Measurements are made at several concentrations and extrapolated

MW = e vii )
where m mis againthe molecular weight of each speciesand/,» is the weight
fraction in whichit is present in the mixture. Inthe example of Fig. 1
the number averages are indicated by the maxima of the various curves.
Here the viscosity and weight averages are identical.

In polymers an equally important consideration with molecular size
distribution is chain molecule structure. It is convenient to distinguish
between micro-chain structure and macro-chain structure. By micro-chain



SYNTHETIC RUBBER RESEARCH 359

structure we mean the detailed architecture of the chain molecule over
distances of the order of length of the repeating unit. The kind of atoms
involved in the unit and their spatial arrangement in regard to atoms in the
same chain as well as in the neighboring chains are included in this definition.
It is the micro-chain structure which determines entirely the chemical
properties of the polymer and to a large extent the physical properties as
well. Thus, the influence of solvents, oxidizability, hardness at a given
temperature, softening point, ability to crystallize are determined largely
by the micro-structure of the polymer.

Macro-chain structure on the other hand refers to the long range form of
the chain molecule. It ignores composition and concerns itself with the
nature of the molecule as a whole and with its interconnections to other
molecules.

Certain terminology has grown up in this connection which can be con-
veniently defined at this time. We speak of “linear” polymers when
primary valence bonds can be traced through the molecules from one end
to the other without passing over the same atoms twice. We say “branched”
molecules are present when the process of tracing leads us into one or more
offshoots from the main chain. When the degree of branching becomes
excessive the molecules may become insoluble in good solvents for the linear
or slightly branched molecules. When nteworks of molecules are present
we say the polymer is “netted” or “cross-linked”. In this instance closed
paths may be traced and the smaller the paths, the “tighter” or more
“intense” is the netting. Netted chain molecule systems are invariably
insoluble. Insoluble polymers whether because of intense branching or
netting are called “gel”. We speak of micro-gel when the gel particles
(molecules) are microscopic or smaller in size (say less than l,u) and of macro-
gel when the particles are large.6 Usually macro-gel as well as the micro-gel
is associated with soluble molecule species. These latter are referred to as
“sol” and represent the linear or the less branched molecular components
of the mixture. The complete description of every molecule present in a
polymer mixture is thus a very difficult if not impossible task. We are
thus forced to employ a statistical treatment.

In the case of copolymers, still other considerations arise. There is the
probability that the reacting components will not react with one another
at the same rates they do with themselves. When this occurs the composi-
tion of the molecules in the mixture varies, some containing more of one
component than others do. Also the order in which the components are
arranged along the chains may vary molecule to molecule. Such circum-
stances of course give rise to varying properties in the copolymer mixture.
We shall have occasion to consider these questions below in connection
with the development of GR-S.
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Early Status of GR-S Synthetic Rubber

The process by which GR-S type synthetic rubber is made is known as
the emulsion polymerization process. In it, butadiene and styrene in the
proper proportions are emulsified in water with small amounts of catalysts
and substances called modifiers which serve to control the plasticity of the
polymer. During the reaction period of from ten to twenty hours about
three-fourths of the butadiene and styrene are converted into the synthetic
rubber. The reaction occurs in such a way that very minute particles are
formed and the resulting synthetic latex is suggestive of natural latex. To
obtain the rubber itself the latex is coagulated with acid and sodium chloride
or with aluminum sulfate and the coagulum washed. After drying the
rubber crumbs are baled and shipped to the fabricating factories. The above
brief sketch of course does not provide an idea of the many complexities
which arise in practice nor of the many process variations which can be used
to control the final properties of the rubber. A complete treatment of this
subject falls outside the scope of this paper.

When the Baruch Committee advised “bulling through” the synthetic
program,on the basis of Buna S type rubber, it fixed the chemical composi-
tion of the product to a very great extent. We knew then, or shortly after-
ward, that we would be required to use approximately 690,000 tons of
butadiene and 197,500 tons of styrene per year to produce the coplymer
rubber. Whatever other components might be employed would be available
in only insignificant quantities by comparison. One element of choice
remained as far as chemical composition was concerned, namely the propor-
tions in which the two components might be used. German Buna S is
supposed to consist of 75 parts by weight of butadiene to 25 parts of styrene
but, as we shall see later, this ratio does not determine the ratio actually
present in the final copolymer which is a function of reaction variables as
well as the initial ratio of the ingredients. Consequently it was necessary
to examine the composition of the final copolymer and to control it at the
proper ratio of butadiene to styrene. The chemical composition was not
the only factor to be controlled, however, since as we have seen, the proper-
ties of polymers unlike ordinary chemical compounds depend as much if not
more on the chain structure. This is of course not only dependent on the
nature of the starting ingredients but also on the manner in which they are
combined into the chain.

At the time intensive work was undertaken in this country on Buna S
type synthetic rubber little attention had been given to its characterization
by physico-chemical means. The usual physical testing procedures involv-
ing the preparation of compounds by mixing in pigments and vulcanizing
were of course being employed to supply useful information about the
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copolymer produced and the vulcanization properties possessed by it.
What was needed, however, were more precise and revealing tests, and tests
which could be carried out directly on the copolymer itself. No ordinary
chemical methods such as are applicable to the usual type of synthetic
chemicals apply, for reasons which should be evident from our previous
discussion. New methods of characterization designed to insure uniformity
and satisfactory quality in the GR-S copolymer were required.

The precise and early control of the copolymer was of utmost importance.
Non-uniformity in the product may cause serious troubles in fabricating
operations such as are employed in tire plants, wire coating factories, ad-
hesives manufacture, etc. Furthermore, with a varying product it often
cannot be determined whether the trouble, when it occurs, is in the copolymer
or in the method of fabrication being used.

What are the characteristics which must be controlled to insure a satis-
factory product? To answer this question it was necessary to investigate
a variety of GR-S copolymers and to conduct sendee tests on them in order
to determine their practical performance. Some of these tests, particularly
those on tires, have been very extensive. Some of the characteristics of
the copolymer which experience has taught should be measured and con-
trolled are:

1. The over-all or average styrene content in the butadiene-styrene

copolymer.

This necessitates (1) a method of separating the pure copolymer
(which is the rubber-like component) from non-rubber components
such as soap, salts, insoluble matter etc., and (2) a suitable method for
determining the styrene content of the purified copolymer.

2. The percentage soap, fatty acids and low molecular butadiene-styrene

compounds in the rubber.

3. The amount of “gel” fraction, if present, and the swelling volume of

the gel.7

4. The average molecular size of the “sol” or soluble fraction of the

copolymer.

5. The degree of branching of the sol molecules.

6. The molecular weight distribution of the sol.

In addition to the above tests on the final copolymer, control tests which
can be used during the polymerization to tell when the reaction has pro-
gressed to the proper point were needed. In the following paragraphs we
will take up in some detail the problem of characterization andattempt to
show the basis on which methods have been evolved to control some ofthe
quantities listed above.
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Composition of GR-S and Its Determination

Given a piece of GR-S synthetic rubber, our first task from the standpoint
of determining its chemical composition is to separate the pure copolymer
which is responsible for the rubber-like properties from the non-rubber
constituents. The latter comprise soaps or other emulsifying agents, fatty
acids, salts, antioxidant and low molecular weight, non-rubbery butadiene-
styrene products to the extent of several percent. Some of these minor
ingredients, like the antioxidant, are essential whereas others play no
important role subsequent to polymerization. All, however, must be
separated from the copolymer before it can be properly evaluated. The
analysis for the non-rubber components after separation is fairly straight-
forward and standard and will not be gone into here.

It has been found that the azeotrope of toluene and ethyl alcohol which
consists of approximately 30 parts by volume of toluene to 70 parts by
volume of alcohol is an excellent extractant for the non-rubber compounds
and hence may be used to effect a separation89. The procedure for isolat-
ing the copolymer is simply to place a quantity, say 10 grams, of the GR-S
in an extraction thimble supported in an extraction flask as shown in Fig. 2.
Another, more rapid, procedure is to reflux the azeotrope over the rubber
for two hours, when extraction has been found to be essentially complete.
This method is now used in the Standard Specification for all GR-S. The
pure copolymer, left as residue, is the product to which we now turn our
attention.

As has been mentioned, the ratio in which butadiene and styrene are
employed in the starting mixture does not determine either the ratio in
the whole copolymer at a given stage of reaction or the ratio present
in any given chain molecule of the copolymer. Therefore the starting ratio
cannot be relied upon to control the composition of the final copolymer.
Experiments show that under certain process conditions large differences in
composition between different fractions of the copolymer do occur. Even
under the best conditions theoretical considerations predict that variations
must occur between molecules since the ratio of the reactants is continuously
changing during the reaction.

Let us examine the chemistry of the process for a moment to try better to
understand why these variations are possible. When styrene (5) reacts
with itself polystyrene (Sx) is formed. Analogously polybutadiene (Bu) is
formed in the case of butadiene (B). In GR-S both styrene and butadiene
react to give a copolymer.

When a quantity of styrene undergoes polymerization, a distribution
consisting of various numbers of long chain molecules of various lengths is
formed. Thus, if we start with A4 molecules of styrene, S, the polymeriza-
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lion reaction results in the formation of molecules of polystyrene by the
addition of S to 5 in chain fashion. The result may be expressed as follows:

N\S —ajSi + ajjSi+ azSi + e+ + a,5Sn 4)

where each term represents a group of styrene molecules containing 1,2
n styrene units, n assuming values up to several thousand depending on the

fig. 2.—Apparatus for extracting non rubber components from GR-S.

reaction conditions. If Ad is very large there are of course many molecules,
«n, formed of the length corresponding to each value of n. In fact, a\ +
2a2-f-3a3+ eee+ nan= N\. The first term in (4) allows for the mole-
cules which do not react, the second represents the dimers, the third the
trimers, etc.
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In an analogous way we may consider Nz molecules of butadiene, B, to
polymerize into chain molecules of various lengths:

NzB —biBi + bzBz -f- bzBz + e+ + bnB,,,. (5)

Now if styrene and butadiene molecules react together, as in the produc-
tion of GR-S, we can represent their copolymerization as the insertion of
the styrene chains (or portions of them) of (4) at random points in the
butadiene chains of (5) to form chains S,Bk . That is

NjS + AVI-»S diSjBk (6)

wherej and k take on a variety of integral values and in any particular chain
the arrangement of 5 and B units is probably random.

In practice, in the reaction represented by (6), Nz/Nt has the value of
approximately 6 since 75 parts by weight of butadiene are employed to 25
parts of styrene. Each chain molecule therefore would be expected to
contain about 6 butadiene residues to each one of styrene. It is actually
found, however, as indicated above that the starting ratio is not adhered to
throughout the reaction, the molecules formed early being richer in butadiene
and those formed later being poorer in butadiene than the starting ratio of
6to 1. But, notonly is the ratio Bk/Sj a variable from molecule to molecule
of the copolymer formed but also their sequence along the chain is variable.
Thus, in equation (6), even when equal numbers of styrene and butadiene
molecules are present, a strict alternation is apparently not maintained but
“strings” of one pure component or the other, form.

In the GR-S reaction the weight ratio of butadiene to styrene in the first
molecules formed may be as high as 4:1 or more from a starting charge of
ratio 3:1. Thus, the average weight percentage of styrene in the GR-S
copolymer first formed is about 8% below that in the original charge (25%)
and increases with conversion so that at the point where the reaction is
stopped the copolymer forming contains about 29% styrene. Analogously
there is evidence to show that in GR-S no regular sequence of butadiene
and styrene along the chain molecules exists but rather a more or less random
entrance of the two residues into the molecules with a frequency approximat-
ing the 6to 1 ratio, as the extent of combination (percentage conversion) of
the two ingredients approaches completion where obviously the two must
become equal. Figure 3 illustrates this behavior for a typical sample pre-
pared in the laboratory. An integral curve showing the cumulative per-
centage styrene and a differential curve representing the percentage styrene
in the increment of the copolymer are illustrated.

It must be left to future research to determine how important the mole-
cule to molecule variations in styrene content are in terms of useful properties
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and to devise ways of eliminating them if necessary. For the present, we are
perhaps justified in assuming that these variations can be neglected. The
control considered here therefore relates to the over-all or average composi-
tion of the copolymer.

CONVERSION TO POLYMER IN PER CENT

Fig. 3.—Lejt: Cumulative percentage by weight of styrene in the copolymer as a
function of percentage conversion for an initial 25 percent styrene charge. Right: Per-
centage by weight of styrene in the polymer forming at any instant as a function of con-
version for an initial 25 percent styrene charge.

Determination- of Styrene Content

Many suggestions involving both chemical and physico-chemical methods
for measuring the average styrene content of GR-S copolymers have been
proposed. Physico-chemical methods when applicable have an advantage
in speed and precision over straight chemical methods and therefore have
been more carefully examined. Both ultra-violet absorptionand refrac-
tion8 have been sliown to be applicable but since the absorption method is
much more sensitive to impurities, the refraction method has proven the
most general. It has the advantage also that it can be employed with
polymers containing considerable gel fraction.

The refraction method is based on the fact that the styrene residues in the
copolymer provide a greater contribution to the refraction of light passing
through the solid or a solution of the solid than do the butadiene residues.
Early work at the Bell Laboratories showed that the determination of the
refractive index of the solid unpurified copolymer led to errors. In addition,
the determination of the refractive index even of purified polymers was not
precise if much gel was present, as frequently was the case with the early
synthetic product. As a consequence a method, based on the use of the
interferometer, was developed8 10 The procedure is to disperse 2.4 grams
of the pure copolymer in benzene, transfer the contents to the interferometer
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cell and make a reading of the change in refraction compared to the pure
benzene. This value, with the help of a curve relating styrene content to
refraction, enables the true styrene content to be determined. The curve
of refraction as a function of styrene content must be constructed beforehand
and is shown in Fig. 4. This curve is obtained by measuring the refraction
of pure polystyrene 01l the one hand and polybutadiene on the other. Checks
also were made by independent methods of estimating composition in the
range of the usual Buna S-type synthetic rubber.

Fig. 4.—Infraction as a function of styrene content for solutions in benzene of polymers
containing known percentages of styrene.

Through the use of this method it has been possible to control the styrene
content of the copolymer to about + 0.2 weight percent styrene residues,
which is amply close for all purposes. Figure 5 shows the apparatus em-
ployed in this determination, the interferometer. More recently, it has
been possible to employ a simpler procedure where a milling of the copolymer
is introduced to remedy difficulties early encountered in the determination
of the refractive index directly on the solidll Although not as precise as
the interferometer method, this method is shorter and as a consequence
is finding application in process control. It is safe to say that today, with
these methods, the control of the average composition of GR-S procuced in
this country is now entirely adequate for all purposes.



Fig. 5.—Interferometer used in the determination of styrene content of synthetic rubber from refraction.
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M olecular Weight Distribution in GR-S

Unlike the linear polyesters whose molecular weight distributions can be
calculated from simple assumptions (Fig. 1), the distribution of molecular
sizes present in polymerization polymers cannot, at the present state of our
knowledge at least, be accurately predicted. With linear polymers of
uniform composition it is possible to determine experimentally the approxi-
mate molecular weight distribution by fractional precipitation of the dis-
solved polymer from dilute solution. This procedure, to yield good results,
must be carried out under very careful control, and requires considerable
time. The usual procedure is to prepare a solution of the polymer to be
studied and add to it portions of a precipitant. The successive fractions
of the whole polymer precipitated are then examined for average molecular
weight by some suitable method. This procedure can give only a crude
separation but often furnishes useful information. More accurate results
require the use of very dilute solutions and the precipitation is best carried
out by lowering the temperature to produce insolubility at each step. The
experimental distribution curve is then obtained by plotting as ordinate the
weight fraction and as abscissa (he average molecular weight (weight average
or number average) corresponding to each fraction. In this way an integral
curve is obtained which on differentiation gives differential curves of the
type shown in Fig. 1.

In GR-S, such a fractionation procedure is complicated by the fact that
all of the molecules of the copolymer are not of the same type. For as we
have seen we may encounter differences not only in structure between
molecules but also in composition either of which alone will, independently
of molecular size per se, influence solubility.

In fact experiments have shown that fractions separated from GR-S
actually do exhibit differences in styrene content attesting to the special
complications of determining molecular distributions in copolymers by this
method. In spite of this, fractionations of GR-S have been made which
no doubt have qualitative value. As a result of such experiments it has
been found that molecular size distribution in GR-S is highly dependent on
impurities present during the reaction as well as on other factors. When,
however, the process and raw materials are suitably controlled it is likely
that the shape of the curve does not vary greatly. Under these circum-
stances the number average molecular weight determined by osmotic pres-
sure furnishes a measure of molecule size.

If the molecules are not too highly branched, we may employ viscosit}'
measurements to furnish a “viscosity average” molecular weight. Since
the latter measurements are the simplest to make they are generally em-
ployed12 although care must be used to insure proper interpretation of
results. In general, the average molecular weight given by the viscosity will
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fall nearer to the low molecular weight end of the distribution curve than
does the true weight average molecular weight. Only for a homogeneous
system does it coincide with the number average value. Hence, the differ-
ence between the two can be used as a rough measure of the broadness of
the distribution.

Light scattering from solutions offers possibly an absolute way of getting
the true weight average value. If the molecules are small compared to the

Fig. 6.—Apparatus for measuring the intensity of scattered light from solutions of polymers

wavelength of the light used and solutions of various dilutions are employed,
measurements of turbidity r, i.e. the fraction of the total light scattered per
cm. of path, allow the weight average molecular weightMw to be calculated
according to

M = nwr)o

where H is a constant, c is the concentration and (c/r),, is the value found
by extrapolation to zero concentration13 Further study of this method is
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required before direct results can be obtained on GR-S. An apparatus
employing electron multiplier tubes for measurement of the intensity of the
scattered light, which was developed in the Laboratories, is being used to
study this new technique. Its original form is illustrated in Fig. 6. Like-
wise, photographic determination of scattered light has established good
correlation with independent molecular weight evaluation of certain other
polymersi4

The distribution of molecule sizes in GR-S has a profound influence on its
properties. It is controversial still as to whether a uniform or non-uniform
distribution is desirable for all considerations. The presence of low molecu-
lar material favors ease of processing but depreciates properties. High
molecular material behaves the opposite. It is customary to regard the
viscosity, either of the rubber itself or the dilute solution viscosity, as a
measure of the average molecular weight. While this assumption is not
wholly true, it is partly justified because the shape of the distribution curve
as commonly measured for GR-S is roughly constant. When osmotic
measurements can be made sufficiently accurately, the number average
molecular weight together with the viscosity average provides a more
precise measure of the distributions present.

Chain Structure of GR-S and lts Characterization

As for simple polymers, the chain structure of GR-S is best considered from
two points of view: the micro-structure and the macro-structure. The micro-
stiucture, which has already been briefly discussed, is concerned with the
kinds of atoms forming the chain, their arrangement in space and the manner
in which they pack with the atoms of neighboring chain molecules. It is
this structure which is all-important in determining the nature of the forces
between molecules and, in turn, the intrinsic rubber-like properties of the
polymer. The micro-structure also determines the chemical properties of
the compound. The macro-structure, on the other hand, is not dependent
on the kind of atoms in the polymer or their immediate relation to each other
but with the length of the chain molecules, their general shape and the extent
to which they are joined with the other molecules (netted) or what were
originally other molecules in the material. It is the macro-structure which
plays the chief role in plasticity and viscosity of the rubber during process-
ing, its smoothness or roughness during extrusion, the extent to which it
elongates or creeps on stretching and the extent to which it swells in solvents.

Let us approach the problem of the micro-chain structure of GR-S by
considering the possibilities from the organic structural point of view. In
the formation of GR-S about 6 butadiene molecules combine with each
styrene molecule. In (9) butadiene is shown in brackets and styrene residues
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are between them. There are at least four important ways in which the
chain structure of GR-S can deviate from the simplest structure, namely

1
H H2 h?2 H H2 H H2

dQ//C'\cn/x C/C\C/CA\chIIC\ANA

h2 h ir2 h h2 h
A A

- \'y \\]

which would arise from a regular addition of butadiene and styrene. In the
first place, as noted before, the styrene and butadiene units can be badly
mixed up in the chain and not arranged in any special order. Secondly, the
butadiene or the styrene units may be reversed end for end in the chains.
This will make no difference in the case of the butadiene provided the mole-
cule has a center of symmetry but this is probably not the case. Again,
the butadiene residue may assume either the well-known cis or the trans
configurations shown in (10) because of the double bond present in it.

1l H2 H H
\c/cv / c\ \ #c./ C==CV ¢/ (10)
IT H H2 IT
trans unit cis unit

Finally, the butadiene unit may be combined into the chain as a 1,2 or
asa 1,4 unit. In the former case a vinyl group is appended to the chain
molecule whereas in the latter it is absent:

FT H H:
CcVv
\VH/ X o x [/ \ | Q (11)
XC XC C
IT IT
CFlI
CIT
1.2 unit 1,4 unit

If these possibilities are considered, one representation of the chain molecule
over a distance we should consider within the definition of micro is as
follows:
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i-r2 h h2 it2 h h h2 h2

C C C C c=C C C
H J2 W A U A U A \ /W \H /
SC C C CH C C C CX (12)

H2 H 1 Ho H2
H A I\ CH
CHo ch?2
\/

Obviousl)r many other combinations are possible which are even more
involved.

There is considerable chemical as well as physical evidence to support
the presence of all of these possibilities in the GR-S molecule. It is probable
that the butadiene and styrene units enter the chain in an irregular manner,
although, as we have seen, one molecule may acquire more total styrene or
butadiene than another. The occurrence of cis and Irans forms and head-to-
tail arrangements is also irregular. The 1,2 and 1,4 butadiene structures
likewise may occur randomly although the amount of 1,2 structure appears
to vary somewhat depending on the type of reaction. It is not possible to
review here the detailed evidence for the randomness and for the occurrence
of these various features. The fact that x-rays when diffracted from
stretched or cooled samples of GR-S fail to show evidence of crystalline or
even of imperfectly crystalline material is proof that a disordered chain
structure exists. X-rays, however, do not specify the cause of this disorder.

Work on synthetic linear polymers of known composition has demon-
strated that relatively minute structural changes are able to cause marked
disorder in polymer systems1§ I7. It is not surprising, therefore, to find
that GR-S copolymer is disordered. The important question is: what effect
has the disorder on the properties and, if it is deleterious, what can be done
about improving the chain structure? Without going into detailed argu-
ments there is good reason to believe that an ordered chain structure is
desirable for the best properties in a rubber. Only then is it possible for
the chain molecules to pack together into crystalline-like regions on stretch-
ing and thus provide the resistance to tearing and breaking that are required.
Natural rubber possesses this characteristic to an outstanding degree and
polychloroprene and polyisobutylene when vulcanized also show considerable
crystalline behavior on stretching. Other factors, such as the rate at which
crystalline regions develop, are likewise importantl7. But the crucial
requirement for toughness is the development of the crystalline type of
forces on stressing.

It must be admitted that no great progress in reducing the chain disorder
of GR-S has been attained as yet. Obviously, complete order because of
the hybrid nature of the polymer is impossible. This was realized at the
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outset of the research program and for that reason emphasis was placed on
improving the macro-structure where obvious changes could be effected.
We shall consider this phase of the work nest.

We have already seen how the chain molecules of GR-S vary in size and
in composition. They may vary also in over-all shape. Branching and
cross-linking leading eventually to net-work formation may result during
the chain growth or termination reactions. In this way variously shaped
molecules may arise. Obviously the situation may become very complex
and in reality we may have to do with mixtures where all types of molecular
species are present at once.

W hat influence on the properties of the final compounded and vulcanized
rubber do these various branched and netted chain structures have? It was
not recognified at first that the gel part of GR-S was particularly different
from the sol in its effect on ultimate properties. This was because no
reliable measurements of sol or gel had been made and because sol and gel
behaved differently duting the compounding and processing steps7,12
Some workers also did not appreciate that natural rubber and GR-S behave
very differently in regard to the effect of processing on their ultimate
properties.

It has since been established that the sol-gel properties are of importance
both in the processing and in the final properties of GR-S synthetic rubber.
It turns out that the amount of the sol and its molecular weight distribution
and the amount of the gel and its swelling volume, which is a measuie of the
intensity of netting, enables us to make predictions as to what properties a
given sample of rubber will exhibit during processing and in the final
productlsa This does not mean that other features of the sol and gel are
unimportant. For example, methods of estimating the degree of branching
(by means of concentrated solution viscosity)6,12of the soluble portion have
been worked out which undoubtedly will be useful if a more refined control
proves desirable.

It is possible to make GR-S type rubber which is completely soluble.
Such a product requires to be characterized only as to molecular weight
distribution, composition and perhaps degree of branching. If the distribu-
tion of sol is such that there is an excess of low molecular material, the
copolymer besides being soft and difficult to handle, provides cured stocks
which have low tensile strength, poor tear and abrasion resistance, poor
resistance to the growth of cracks and high hysteresis loss. If, on the other
hand, an excess of high molecular material is present in the sol the copolymer
is very stiff3and cannot be handled in the subsequent compounding and
processing procedures. Aside from this difficulty its ultimate properties
seem to be superior the higher the average molecular weight. When all
considerations of properties and processing requirements are taken into
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account a copolymer containing as nearly linear molecules as possible and
having neither an excess of high or low molecular fraction is probably
preferable.

Gel GR-S, depending on its swelling volume (see below), is a tough
material totally lacking in plasticity. Swelling volumes as low as 10 are
hardly distinguishable from vulcanized gum GR-S and in fact resemble it
structurally because vulcanization is actually a special kind of gel formation.
Ordinarily the swelling volumes of gel in GR-S range between 20-15017,1S

Commercial GR-S may contain both sol and gel, although the trend is to
eliminate gel altogether. Wren large amounts of gel of moderate swelling
volume are present the product is hard to mix, although it may extrude
smoothly, and after processing, particularly if done hot, it is likely to give
products which have higher modulus than copolymer free from gel, and to
show poor resistance to cutting and crack growth—properties of great sig-
nificance in tires and other applications.13 It is therefore important that
we should be able to determine sol and gel in the presence of each other.
This need is particularly great in the case of characterization of copolymers
after they have been subjected to processing and compoundingl8—treat-
ments which often are responsible for profound changes in its molecular
structure.

M ethods of Characterization of Sol and Gel

Considerable work has been done at the Laboratories on methods for
determining the sol-gel properties of polymers and in investigating the
effects of various after treatments of the copolymers on their sol-gel charac-
teristicsg 18 Figure 7 shows the type of apparatus employed for effecting
the sol-gel separation7. The weighed copolymer sample is thoroughly dried,
cut into small pieces and distributed on stainless steel screens contained in
the bulb of the apparatus. About the 100 ml. of benzene is added and the
parts assembled. After 24 hours or more standing without disturbance,
the benzene containing the soluble part of the copolymer is carefully with-
drawn by opening the stop-cock very slightly. The weight of the swollen
gel left on the screens is obtained from the difference between the weight
of the assembly after draining off the solution and its original weight. This
divided by the original weight of the unswollen gel gives the swelling volume
(.SF) of the material. The slight density correction can be neglected.

The dilute solution viscosity is determined directly on 5 cc. of the solution
withdrawn from the vessel and is calculated from equation (2). The con-
centration c is determined by evaporating a known volume of the solution
and weighing the solid left after evaporation of the benzene. Figure 8
shows the viscometers and bath employed for the measurements of the
relative viscosity. A variation of the dilute viscosity method adopted for



Fig. 7—Apparatus .employed in the determination of the sol-gel content of synthetic rubber.
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use directly on latex has been employed as a control during the synthesis of
GR-S19 This test, referred to as the vistex test, consists in adding 1 ml.
of the latex sample to be examined to 100 ml. of a solvent having both
hydrophobic and hydrophilic properties, such as a mixture of 70 parts (by
volume) of xylene with 30 of pyridine, or 60 of benzene and 40 of /-butanol.
The clear solution is run through the viscometer in the usual manner and the
relative viscosity used as a measure of extent of reaction. The test has the

Fig. 8.—Viscometers and bath used for the determination of dilute solution viscosity of
polymer solutions.

advantage of great speed, thus providing control of the reaction, step by
step. Figure 9 shows the apparatus employed in the determination of
concentrated solution viscosity (CSF)-2 In this measurement a 15 percent
solution of the copolymer in xylene is made by weighing the required
quantity of GR-S into a test-tube adding the precise volume of xylene and
stoppering. The solution is homogenized by moving a steel armature
through it in the test-tube by means of a strong electro-magnet. A trace
of acetic acid is added to eliminate thixotropic effects. After complete
dispersion has been effected the viscosity is determined by the falling ball
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method. Branched copolymers show inordinately high concentrated solu-
tion viscosities. The latter may therefore be employed as a measure of
degree of branching or approach to gelation when supplemented by dilute
solution viscosity measurements. Furthermore, the power required to
maintain the armature stationary as measured by the current passing
through the magnet furnishes data useful in predicting how a given co-
polymer sample will process.

Fig. 9.—Apparatus employed to effect the solution of synthetic rubber prior to the
determination of concentrated solution viscosity.

Application of Sol-Gel Methods to Control Processing

In addition to their application to the control of synthetic rubber in
production, the sol-gel methods of characterizing the copolymer which have
been briefly described above are of very great use in elucidating what
happens during the processing of the rubber13 By the term “processing”
is meant the operations which are carried out on the copolymer subsequent
to its manufacture and prior to its vulcanization into its final form. These
o”rations involve -working the rubber on machinery (plastication) in order
to render it soft and satisfactory for mixing in pigments and for extrusion
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and molding. Several different types of machines are employed including
mills, calenders, Banbury mixers and extrusion machines. At every stage
and particularly in Banbury mixing, where carbon black is generally mixed
in, the copolymer undergoes changes which affect its performance in the
finished product. This is especially true if, as nearly always happens in
practice, considerable heat is developed during the operation. Indeed, it
is frequently true that processing operations have more to do with the
ultimate rubber properties than do factors in the production of the copoly-
mer itselfl3 It is only fairly recently” that this point has been sufficiently
emphasized and considerable progress made in controlling the processing
steps to the same extent as the polymerization is now controlled.

To see what happens during processing of the copolymer let us assume we
subject two extreme types of GR-S, one containing no gel and one contain-
ing gel of rather low swelling volume, to a typical hot processing treatment
consisting of hot mastication and Banbury" mixing in of carbon black.18 In
addition, in order to exhibit differences in processing let us consider the
effects of cold processing on the same two samples. As is evident from Fig.
10 which summarizes the results,8hot processing tends to build up gel and
decrease its swelling volume in both of the rubber samples. The dilute
solution viscosity" on the other hand falls. This behavior although of
advantage to subsequent extrusion and calendering operations is definitely
opposed to securing the best mechanical properties in the final rubber.
Cold processing has the opposite effect on the samples. Thus, the copolymer
not containing gel is little affected, whereas the gel in the other is broken
down and gives rise to a higher dilute solution viscosity".

In processing, therefore, important changes in the chain structure of the
copolymer are brought about. Under certain circumstances, these are
beneficial, but since most processing involves considerable heat development
the changes are usually detrimental. It is of the utmost importance there-
fore that a type of copolymer is produced which is compatible with the ty'pe
of processing machinery already" installed in industry. In addition, uni-
formity of the copolymer is of very" great significance if control of processing
operations is to be achieved, for such control cannot be attained with a
variable starting material.

The processing step which involves the mixing in of carbon black (or
other pigment) is perhaps the most important. Unfortunately, the presence
of the carbon black makes it impossible to employ the usual sol-gel analysis
because a new kind of insolubility" enters.182L In addition to the primary
valence gel discussed up to this point, a secondary valence combination
involving the carbon black and the large sol molecules forms. This is not
immediately distinguishable from the first type of gel unless we have other
reason to know that the latter is absent and does not form during the
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mixing operation. This phenomenon of the insolubilization of natural
rubber by carbon black has been known for some time.2 Only recently,
however, has its relation to the structural features of GR-S copolymer
become apparent.2l Work is now underway to allow an estimation of both
types of gel in the presence of one another. When this is achieved the
analysis of the reactions occurring during compounding will be further
facilitated.

Chain Structure and Polymer Properties

We have now reviewed some of the molecular complexities which are
involved in the synthesis of GR-S synthetic rubber. It remains to discuss
more in detail the influence of chain structure on the properties we associate
with rubber-like behavior. We might begin by asking ourselves two
questions: (1) What makes a polymer exhibit rubber-like properties? (2)
W hat composition and chain structure are desirable in a rubber? The first
question involves a discussion of the theory of rubber-like elasticity. The
answer to the second involves an inquiry into the specific use to which the
material is to be applied. Since most of our rubber is employed in tires let
us consider the special requirements for that use.

Taking up the first question, we fall immediately into the pit of having to
define what a rubber is and how it differs from a plastic. Originally rubber
meant “natural rubber”. Wien synthetics with rubber-like properties
appeared we adopted the term “synthetic rubber” to describe them. Some
have objected (unsuccessfully) to the use of this term because it implies
synthetic natural rubber and have proposed the word “elastomer” instead.
Others have gone still further and suggested other terms (usually ending in
mer) for various plastics and rubber-like materials.

All of these new names seem unnecessary. Polymer is the inclusive term.
The term rubber simply has come to mean a polymer which at ordinary
temperatures has properties like natural rubber. A plastic isa polymer
which at ordinary temperatures is hard and which usually becomes soft and
deformable at higher temperatures. Such terms as rubber-like plastic or
glass-like plastic are frequently employed. This kind of terminology is
admittedly loose but it often tells just as much in familiar words as does the
newly proposed nomenclature.

The significant fact is that there is a perfectly consistent and orderly
relationship between the properties of polymers and their chemical composi-
tion and structure. Fundamentally, the major factor which determines
whether a long chain polymer will be a rubber or a plastic is the magnitude
of the forces acting between chain molecules. If the forces between polymer
molecules are low, the polymer is a rubber; if they are high, it is a plastic.
And obviously since these forces can be regulated nicely there are all grada-
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tions from the hardest to softest polymer. A rubber therefore may be
regarded simply as a soft plastic—one in which the forces between chains
are very lon—with one important distinction, namely that soft plastics to
show rubber-like properties must be “vulcanized” i.e. a few very strong
inter-chain linkages must be established to prevent slippage. Some plastics
can be vulcanized, too, but here the inter-chain forces are high anyway and
the few additional strong bonds are not essential. However, the usual
inter-chain forces in plastics being of the van der Waals’ type are very
susceptible to temperature. Consequently, if we weaken them by raising
the temperature we can, provided the plastic is “vulcanized”, cause it to
acquire rubber-like properties at the higher temperature. So the distinction
between rubbers and plastics is in the last analysis slight.

We still have not answered the question as to what causes a polymer to
exhibit rubber-like properties. In fact it was only during the last 10 years
or soB3 that the answer has been known, which is surprising, because it is
simply “temperature”. Contrary to previous views, forces between atoms
in the same chain have little to do with the long range retraction phenomenon
shown by rubbers, at least at elongations up to about 200%. The stretched
polymer returns because of the thermal heat motion in the mass which
seeks to restore the elongated chain molecules to their more stable, kinked-up
configurations. The molecules, through their vulcanization points, com-
municate their retraction behavior to the entire mass. Thus theory agrees
with experience that the chemical constitution of the polymer is of secondary
significance. As long as chain molecules are present which are capable of
kinking-up by rotations about chemical bonds, as long as the forces between
molecules are not large compared to the thermal energy, and as long as the
molecules are interconnected at points so as not to slip, we shall have a
rubber-like substance whether we call it a rubber or a plastic or an elastomer.

Coming to our second question, it might now take the form: what composi-
tion and chain structure are desirable in a rubber for tires? We shall see
that the qualitative views expressed above must be altered if we are to
explain the more intimate properties of rubber involved in this application.
We have already seen from the sol-gel discussion what some of these refine-
ments are. There are certain differences between GR-S type synthetic
rubber and natural rubber, however, which go back even farther and involve
the manner in which the molecules pack and slip over one another during
deformation. These have geen discussed above under micro-structure.

Man learns largely by imitation and our knowledge of rubber-like behavior
has been no exception. Natural rubber possesses amazing qualities which
no synthetic product has yet been able entirely to duplicate, although we
have found in many cases ways to overcome weaknesses in synthetic rubbers
by round-about means. For example, the hysteresis loss in vulcanized
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natural rubber, i.e. the heat generated per cycle of reversible stretching, is
less than any synthetic rubber of comparable gum tensile strength. The
resistance to crack growth of vulcanized natural rubber, particularly in gum,
i.e. unfilled form, is better than any synthetic of comparable low-tempera-
ture flexibility.

W hat are the causes of these differences? We can make synthetic rubbers
from hydrocarbons (in fact from isoprene itself) which judged simply from
the composition should have the same interchain forces acting as in natural
rubber. That this is not so is shown by the fact that polyisoprene in all
the properties which would fit it for a tire rubber is much inferior to natural
rubber. We are forced to conclude that it is the form of the individual
isoprene units (cis or irons) and the way in which they are placed in the
chain that determines.

In stretched natural rubber we are convinced that units arc orderly
arranged in the cis configuration as follows:

CH3 ch3 CHj CH,
\ H \ H \ H \ I
C= c—,C cxC CrC
[N 1V LV T
—C c—C c—C c—C c—
Ho H2 H2 Ho Ho Ho 112 H2

In polyisoprene on the other hand they are probably in random disorder:

CHs CHj Ho It CHj
\ \ /IcC—cx I \ I
c=c c=c/ NC=C cC—c
/ \ / H Voo / \
-c c—c CHj c—c c—
12 h2 h2 12 h2 h2

We might expect then that the interchain forces, which change so critically
with distance, are less of a match for the thermal energy in synthetic polyiso-
prene than in natural rubber. The high degree of molecular uniformity in
natural rubber, as X-rays show, gives rise to a crystallization on stretching
which is entirely absent from polyisoprene (see Fig. 11). Even before
crystallization as such has progressed far (it starts in nuclei and these multi-
ply throughout the mass) the interchain forces have prepared for and
compensated in an effective way for the increased effect of stress tearing
the chains apart and the increased thermal energy tending to weaken the
interchain forces. We may look upon natural rubber as a substance which
progressively and automatically transforms itself to a plastic as it is
elongated. It is these crystallization phenomena which are responsible for
high gum tensile strengthl7 and outstanding resistance to the growth of
cracks.
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To return to our question and ask once more what structure we desire in
a rubber for tires we see that although we cannot quite write an order in
terms of a chemical formula we can state general requirements. We want
a polymer in which the interchain forces are as low as possible to give us low
hysteresis. At the same time we want regularity of chain molecules to
provide a minimum loss of cohesion with rising temperature and rising
elongation. To a chemist this sounds like an order for natural rubber and
the design of Buna S which we were forced to imitate in the emergency seems
wrong. If research can iron out some of this irregularity, a further improve-
ment in our product perhaps can be achieved. The chemist by the clever
trick of adding styrene to butadiene has provided himself a way lie can

Fig. 11.—X-Ray photographs of natural rubber, stretched (left) and synthetic
polyisoprene, stretched (right).

regulate the interchain forces and therefore the degree of rubberiness of
Buna S. He is able to make it harder and stronger at will by increasing
the amount of styrene, something nature is unable to do. But his task is
not finished until he can control also the order and the packing of his mole-
cules or devise some equally clever way of getting the interchain forces to
behave.

Conclusion

We have attempted to review some of the problems arising out of the
effort to achieve the best possible Buna S type rubber for our war emergency
and to show how they have been attacked. We have also tried to give a
simple account of some of the theories underlying the behavior of polymers.
The story of synthetic rubber is of course much broader both in theory and
practice than we have indicated.
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Future synthetic polymers will be devised to meet the intimate require-
ments of many diverse applications. Engineering will be more precise and
control of our materials will be based more on scientific methods. It is
romantic to read from a recent popular book “you see him in his shirt sleeves
cutting off a piece of rubber with his knife, smelling it, biting it and stretch-
ing it. Then he either looks satisfied or worried. Laboratory reports give
him a complete report on the sample but a prodigious memory and a sixth
sense born of years at his job often tell him whether the rubber will make a
good tire.” But this is hardly the way the future engineer will judge. It is
hoped that the present account has helped to point out how scientific meth-
ods are being applied and how research can supply a safe guide to the wise
control and application of synthetic materials.
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Characteristics of Vacuum Tubes for Radar Intermediate
Frequency Amplifiers

By G. T. FORD

1. Introduction

HE desired characteristics for vacuum tubes for use in broad-band
intermediate frequency amplifiers are primarily high transconductance,
low capacitances, high input resistance, and good noise figure. These
characteristics determine the frequency bandwidth, amplification, and
signal-to-noise ratio attainable with such an amplifier. The maximum
operating frequency is generally limited by the input resistance of the tube
which decreases as the frequency is increased, and, in some cases, by the tube
noise which increases with increasing frequency. Three other character-
istics which are also important are small physical size, low power consump-
tion, and ruggedness. The present paper describes how these character-
istics are related to the performance requirements for intermediate fre-
quency (IF) amplifiers used in radar systems and shows how the require-
ments were met in the design of the Western Electric 6AK5 Vacuum Tube.
In a coaxial cable carrier telephone system of the type which was initially
installed between Stevens Point, Wisconsin and Minneapolis, Minnesotal
the upper frequency of the useful band is of the order of three megacycles
per second (me) and the bandwidth is of the same order. The Western
Electric 386A tube was developed a number of years ago for amplifiers such
as those used in this system. It is characterized by high transconductance
and low capacitances. In radar receiving systems similar but more exact-
ing requirements must be met for the IF amplifier. It is desirable to operate
in many cases at a mid-band frequency of 60 me, to have a bandwidth of
the order of 2-10 me, and to have as close to the ideal noise figure as possible.
Additional considerations of great practical importance are low power
consumption, small size, and ruggedness.

The choice of the mid-band frequency for the IF amplifier is influenced
by considerations, a detailed discussion of which is outside the scope of
this paper. For example, the characteristics of the beating oscillator and
ite relation to the operation of the automatic frequency control (AFC)
system, when AFC is used, are involved. The usual practice has been to

1“Stevens Point and Minneapolis Linted by Coaxial System,” K. C. Black, Bell Labo-
ratories Record, January 1942, pp. 127-132.

‘Television Transmission Over Wire Lines,” M. E. Strieby and J. F. Wentz, Bell System
Tethnical Journal, January 1941, Vol. 20, p. 62.

385
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standardize on a mid-band frequency of 30 mc or 60 mc. The latter fre-
quency has been used in most radars developed at the Bell Telephone
Laboratories.

In pulsed radar systems the transmitter is turned on and off by the
modulator in such a way that radio frequency energy is generated for a
pulse duration r seconds at a repetition rate which is usually several hundred
per second. When the transmitter is modulated by a pulse which approaches
that shown in Fig. 1(a), the energy-frequency distribution in the transmitted
signal is as shown in Fig. 1(b). Although the maximum of the distribution

TIME
(a) (b)

Fig. la—Modulating pulse
Fig. Ib—Amplitude—frequency distribution in transmitted RF pulse.

curve lies at the transmitter frequency F, there is considerable energy in
the range F + rlt and the receiver usually has a bandwidth of at Ieast% in
order to make as efficient use as possible of the energy in the echoes reflected
by the target. For many radar applications, this requirement and the
problems of transmitter and beating oscillator frequency stability result
in the use of a bandwidth of as much as 10 me for the IF amplifier.

The Western Electric 386A tube, Fig. 2(a), had characteristics which
approached those needed to meet the IF amplifier requirements discussed
above. It was therefore slightly modified in physical form for convenience
of use and recoded the Western Electric 717A tube, Fig. 2(b). The 717A
tube was used extensively in IF amplifiers in several radar systems. As the
emphasis on small size and light weight for airborne radars increased, and,
as the need for better characteristics became more pressing, further develop-
ment was undertaken which resulted in the Western Electric 6AK3 tube,
Fig. 3.

The importance of size and weight for radar systems to be used in air-
planes is obvious. The use of miniature tubes in airborne equipment has
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Fig. 2a—Western Electric 3S6A vacuum tube (full size).
Fig. 2b—Western Electric 717A vacuum tube (full size).

Fig. 3—Western Electric 6AK5 vacuum tube (full size).

been a consequence wherever their power handling capabilities are adequate
to meet the performance requirements. The IF amplifier offers an ideal
opportunity to effect substantial savings in both size and weight by using
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small tubes. When the IF frequency is as high as 30 me or 60 me, the
circuit elements are physically small, so that the tube size is relatively
important. The power level is low enough so that miniature tubes are
applicable. The photograph shown in Fig. 4 illustrates the reduction in
the size of the IF amplifier obtained by using 6AK5 tubes in place of 6AC7
tubes which were widely used previously. The larger amplifier weighs 2
Ibs. 4 oz. while the smaller one weighs only 9 0oz. Each of these amplifiers
provides an over-all amplification of about 95 db at a mid-band frequency
of 60 me. The bapdwidths of the two amplifiers are comparable. The
amplifier using 6AC7 tubes requires 31.3 watts of power, while the 6AK5

Fig. 4—60 Megacycle IF amplifiers (M full size).

amplifier requires 14.4 watts. The power savings possible with the 6AK5
tubes are not particularly important from the power economy standpoint,
but rather because of the easier heat dissipation problem. In compact
equipment such as airborne radar, the problem of keeping the operating
temperatures of the various components within safe limits is formidable.

In the later years of the war the 6AK5 tube became the standard IF
amplifier tube for radar systems and because of its superior properties was
used for other applications in many other radio equipments.

2. Amplification and Bandwidth

The amplification that can be obtained with a given number of stages,
and the useful bandwidth, are closely related. Waithin certain limits, one
can be increased at the expense of the other. In fact, the product of the
amplification per stage and the bandwidth is one important measure of the
goodness of a particular tube and circuit design. A simple case will illustrate
how this comes about. Assume the band-pass interstage shown in Fig. 5.
L is the inductance of the coil, R is the shunt resistance equivalent to the
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load resistor and any loading effects due to high-frequency losses in the
tubes or circuit elements, and C is the total shunt capacitance of the tubes,
the circuit elements and the wiring. If it is assumed that R, L and C are

BLOCKING
CONDENSER

Fig. 5—Band-pass interstage,

independent of frequency, the magnitude of the impedance of this network is

1Z 0 - Lo (i)
f\ y _1 1/2
kr) + wL

When ® om = Vic the impedance is a maximum and the frequency /0

@
= ~ s the resonant frequency. The maximum value of the impedance is

|Zo| = R. If this type of interstage is used in a grounded-cathode type
of circuit employing a pentode tube, the small-signal voltage amplification
A, from the control grid of the tube to the plate is

Av=0Cm\Z\ ... . (@)

where Gmis the grid-plate transconductance of the tube. It isassumed that
1Z | is small compared to the plate resistance of the pentode and that there
is no feedback. The voltage amplification A r0 at the resonant frequency is
then

A = GuRu 3)

If the bandwidth is defined as AF = fx —f2, where fi and /2are the two

frequencies where A,, = -1--—", it can be shown that
i ! -(4)
AF'=1i —U " ire

The product of the mid-band voltage gain times the bandwidth can be
called the band merit, BO, and we have

Bo = (AF)(Aw) = g\tRZ,(GmR) - (5)
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This expression for band merit has been derived from the product of the
bandwidth and the voltage amplification for a simple band-pass interstage.
Higher band merits can be realized with a given tube by using more compli-
cated coupling networks.

Another interpretation of band merit is to say that it is the frequency at
which the voltage amplification is unity. This is the frequency at which
the product of the transconductance and the reactance of the shunt
capacitance is unity.

From the foregoing expression for band merit it is evident that, in general,
the higher the band merit the fewer is the number of stages that are required
to obtain a given gain and bandwidth. It is highly desirable to keep the
number of stages small in order to save space, weight and power consump-
tion and to avoid the use of unnecessary components which reduce the

Table |

Heater Plate Total Power Xominal Lruacnt:(r:]gre]- :

Type Power Current Consumption 'I;jranscon- per Unit Plate Band Merit
uctance Current

watts via uatls iimhos limhos/nui me
6AC7 2.84 10 4.7 9,000 900 89.5
6AG7 4.10 30 9.6 11,000 367 85.3
6AGS 1.89 7.2 3.0 5.100 708 90.0
717A 1.10 /.0 2.3 4.000 533 71.4
6AK5 1.10 i.0 2.3 5.000 667 117.

reliability in operation. In practice the total amplification in the receiver
is made high enough so that the system noise, with no signal, produces a fair
indication on the output device when the gain control is set for maximum
gain. For a bandwidth of 5 me, the equivalent RF input noise power level
is of the order of 2 X 10“13watt and the power level necessary for a suitable
oscilloscope presentation in a radar is about 20 milliwatts. The net over-all
gain needed is then about 110 db. Making an allowance of, say, 15 db for
losses in the detectors and elsewhere, a total of about 125 db gain is required.
A minimum of about 110 db of this is usually in the IF part of the receiver.
With this amount of gain as a requirement it is easy to see the importance
of high band merit, small size, and low power consumption in the IF tubes.

Table I, above, compares the salient characteristics of the 6AK5 with
those of other similar types of tubes.

The tube design factors which determine the band merit will now be
examined by considering an idealized case. For an idealized plane parallel
triode structure in which edge effects are assumed to be negligible, the plate
current can be related to the tube geometry and the applied voltages
approximately as follows:2

2“Fundamentals of Engineering Electronics,” YV. G. Dow, pp. 44, 102, et seq.
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b= (6

It is assumed that the electrons leave the cathode with zero initial velocities.
The failure to take into account the effects of initial velocities makes this
equation only a fair approximation for close-spaced tubes, but it is still
.instructive to assume it is approximately correct for the purposes of the
present discussion. “A” is the active area of the structure, “a”,is the
distance from the cathode to the plane of the grid, “b” is the distance from
the plane of the grid to the plate, Eb is the plate voltage, Eclis the effective
grid voltage (including the effect of contact potential) and p is the amplifi-
cation constant. Dimensions are in cms. This stipulation is unnecessary
for equation (6) but is necessary for some of the later equations. For a
plane parallel tetrode or pentode, equation (6) is a good approximation if
Eb is replaced by the screen voltage Eo, p is replaced by the “triode mu”
Mh (mu of control grid with respect to screen grid) and the coefficient M
introduced, where M s the ratio of the plate current to the cathode current.
The reason this approximation is good is that the field at the cathode, and
therefore the cathode current, is determined almost entirely by the poten-
tials of the first two grids. Because of the screening effect of these grids
the potential of the plate has little effect on the cathode current. We have
then

The distance I'v” is now the distance from the plane of the grid to the plane
of the screen. This expression can be differentiated with respect to Ed to get

(8)

It is assumed that pi? and M are independent of Ec. If we let la be the
cathode current density, then substitute M IQA for h in (7), and eliminate

3 (233 X M~yI3BMAIIB
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Neglecting the stray capacitances between the lead wires and also the edge
effects, the greater proportion of the cold capacitance (input plus output)
in Farads can be approximated by

Co = '08854\a (-+b i +cj£)x 1012 (10)
where "a” and “b” have the same meaning as in (7) and “c" is the spacing
between the plate and the suppressor (or screen in the case of a tetrode).
This is of course a highly idealized case. The cathode, the grids, and the
plate, are each assumed to be plane conductors of infinitesimal thickness,
each having an area equal to the active area of the structure.* The band
merit then becomes.

B Gm 474 M ilBX 10s

2irCo an(- + 1+ *YI+ Lax *) ...
a b c)\ iin a )

W ith a given cathode current, the factor M increases as the screen current is
reduced. The use of small wires for the screen grid is an important factor
in obtaining minimum screen current.

la, the useful cathode current density, is limited by the emission capabili-
ties of the cathode. In practice it is necessary to operate in a region con-
siderably below the maximum available emission to avoid excessive changes
in transconductance which would result from variations in cathode activity
with time.  Also, the shot noise will begin to rise when the region of tempera-
ture-limited operation is approached. It should be noted that BOis inde-
pendent of the area A.

Taking reasonable values for M, 10and nn , (M = 0.75,10 = 50 ma/cm2,
Hn = 25), equation (11) becomes

= i, T G [ N (12)

A CH L+ XL+ BNT™)

The curves in Figs. 6, 7 and 8 show how BOvaries with each of the variables
“a”, “b” and ““c” when a constant value is assigned to the other two. The
band merit shown on these curves is considerably greater than that which
can be realized in an actual circuit of the simple band-pass type assumed
because the stray capacitances in the tube, the socket, the circuit elements,
and the wiring increase the total interstage capacitance substantially. Also,
the grid-cathode capacitance is substantially higher under normal operating

*This assumption is obviously not true, particularly in the case of the suppressor gridj

but, by simply regarding the effective suppressor-plate spacing as somewhat greater than
the actual spacing, the assumption becomes useful.
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conditions, because of the presence of space charge, than when the tube is
cold, as assumed in deriving equation (11). It has been assumed in making

Fig. 6—Band merit vs. grid-cathode spacing.

Fig. 7—Band merit vs. grid-screen spacing.

the calculations that the current density and the triode mu are held constant
while “a”, “b” and “c” are varied. In the cases of “a” and “b”, this requires
that the control grid and/or screen voltage be varied in such a fashion as to
hold 70constant. The current density is nearly independent of ““c”” over a
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reasonable range provided “c” is not so large as to cause the formation of a
virtual cathode in the screen-plate space.

Figure 6 shows that BOrises as “a” is reduced. Reducing “a” also has
the advantage that a lower screen voltage is required with a given grid bias.
The improvement in Bo as “a” is reduced is quite rapid, but of course the
mechanical difficulties involved in reducing “a” below about 0.10 mm become
very great.

The curve in Fig. 7 shows that Badoes not increase much if “b” is increased
above about 0.30 mm, and increasing “b” has the disadvantage that higher
screen voltage for a given grid bias is required.

The curve in Fig. 8 shows that B0Oincreases very slowly if “c” is increased
beyond about 1.50 mm, arid increasing “c” has the disadvantage that the
external dimensions of the structure become greater. Increasing “c” also
means that the plate comes closer to any shield which is placed around the

Fig. 8—Band merit vs. plate-suppressor spacing.

bulb of the tube, thus increasing the output capacitance and tending to
cancel out any improvement obtained in the structure itself. Also, if “c"
is made too large a virtual cathode may be formed in the screen-plate space
under some conditions. This would interfere with the normal operation of
the tube.

In order to take full advantage of the close grid-cathode spacing, the
control-grid pitch should be no greater than about 1.5 times the spacing and
the grid wires should be as small as possible. If the pitch is too large, the
parts of the cathode directly opposite the grid wires will be cut off while
space current is flowing from the sections opposite the spaces between grid
wires. This state of affairs shows up in the characteristics as excessive
variation of the triode amplification factor, M2, as the grid bias is varied,
and results in a reduction of the transconductance. That is, when the
grid is made more negative the amplification factor pia decreases so that the
plate current does not decrease as much as it would if nm remained constant.
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When the grid is made more positive the plate current rise is reduced because
p2increases. The grid wires should be as small as possible so as to block
off no more of the area of the structure than is necessary. An ideal grid
would be an infinitesimally thin conducting plane which offered no resistance
to the passage of electrons through it except that due to its electrostatic
potential (sometimes called a “physicist’s grid”). In the 6AKS5 tube the
grid-cathode clearance is 0.089 mm (0.0035 inch), the control-grid pitch is
0.0127 mm (0.0050 inch), and the wire size is 0.0010 inch. Experiments
have shown that substantially higher transconductance could have been
realized, with the same spacing, if smaller wires and smaller pitch had been
used, but the mechanical difficulties would have been much greater.

The way to achieve a high band merit from the tube design standpoint is
thus to use as close grid-cathode clearance as practicable, to operate the
tube at as high a current density as the emission capabilities of the cathode
will permit, and to keep the stray capacitances as low as possible. It was
noted above from (11) that BOis independent of A. However, if it were
possible to maintain the same grid-cathode clearance with a large tube as it
is with a small one, the larger tube would have the advantage that the stray
capacitances in the tube would be a smaller fraction of the total capacitance
so that the band merit for the tube would be higher. It would also be closer
to what can be realized when the tube is used in an actual circuit because
the capacitances added by the socket, the wiring and the circuit elements
would be less important. However, the practical mechanical limitations
controlling the minimum grid-cathode clearance have been such that the
band merit is roughly independent of the tube size over a moderate range of
sizes of high transconductance receiving tubes.

3. Input Conductance

Two factors tend to make the input conductance of tubes higher at high
frequencies than at low frequencies. One is the effect of lead inductances
and the other is the effect of transit time. If the loading produced by these
effects is no more than that required to get the desired bandwidth, it may be
no particular disadvantage for stages other than the first one in the amplifier.
As will be seen later, however, this effect in the input tube increases the
noise figure. The practical result of a consideration of these effects is that
the leads are made as short as possible and that small tubes are used in order
to use close grid-cathode clearances when the frequency at which the tubes
are to be used is above about 10 me. The expression derived by North3for

3“Analysis ot the Effects of Space Charge on Grid Impedance,” I). O. North, I. R. E.
Proceedings, Vol. 24, No. 1, January, 1936.
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the input conductance of a tetrode or pentode can be re-written, neglecting
the higher order terms, to give the approximate expression

b
50 X 10"V /2Gm 1 + 3.3a -..(13)
Ft

where Gm is the triode-connected transconductance, a is grid-cathode spacing
in cms, b is grid-screen spacing in cms, Vi and Vi are the effective grid-plane
and screen-plane potentials in volts, and / is the frequency in me. It is
assumed that there are no lead inductances and that there is no potential
minimum in the grid-cathode region. For a given transconductance, (13)
shows that close spacings are necessary for minimum grid conductance.

If the lead inductances between the external circuit and the tube elements
are appreciable, the input loading may be excessive even though the transit
time through the tube structure is negligibly small. The general case taking
account of the mutual and self inductances of all the leads of a pentode has
been treated by Strutt and van der Ziel4 The equations are cumbersome
even though only the first order terms in frequency are retained. If all of
the lead inductances except that in series with the cathode are neglected,
and transit time is assumed to be negligible, the input conductance of a
pentode becomes approximately6

Gin — ~GmLkCk (14)

where Lk is the cathode lead inductance and C/; is the grid-cathode capaci-
tance. It is further assumed that the plate-grid capacitance is negligible.
Work done at the Naval Research Laboratory includes data on the input
conductance of 6AKS5 tubes in the frequency range from 100 me to 300 me.
Through the courtesy of the Naval Research Laboratory some of the data
are reproduced in Fig. 9. It is of interest to check a point on this curve
against equation (14). For the 6AKS5, 0.02 micro-henry is the estimated*
cathode lead inductance, Gm= 5000 X 10-6 mhos, and Ck = 4 X KLZIfarad.
At a frequency of 250 me we have a calculated conductance of 990
micromhos, which checks roughly with the value of 1110 micromhos from
the curve in Fig. 9. Equation (13) can be used to obtain an approximate
value for the loading due to transit time. Taking a = 0.0089 cm., b =
0.032 cm., Gm = 6.7 X 10-3 mhos,/ = 250 me, Vi = +2.3 volts, and
= +120 volts, a calculation gives Gin = 177 micromhos. These results
*“The Causes for the Increase of the Admittance of Modern High-Frequency Amplifier
Tubes,” M. J. O. Strutt and A. van der Ziel, I. R. E. Proceedings, Vol. 26, No. 8, August
1938.

s“Hyper and Ultra-High Frequency Engineering,” Sarbacher and Edson, p. 435.
*This has been checked roughly by Q-meter measurements.
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show that the performance of the 6AK5 near the upper end of its present
useful frequency range is probably limited to a considerable degree by the
lead inductances rather than byjtransit’time effects in the structure.

100 120 MO 150 ISO 200 220 240 250 260 300 320
FREQUENCY IN MEGACYCLES PER SECOND

Fig. 9—Average input conductance vs. frequency for six 6AK5 tubes—courtesy of
Naval Research Laboratory.

4. Noise

Although it may be possible to employ enough stages of IF amplification
to provide the necessary gain and band-width we may still have a relatively
insensitive receiver for weak signals. This comes about because there are
inherent electrical disturbances in vacuum tubes and passive networks which
give rise to random voltages. Since these disturbances may be of the order
of the strength of the signal, they must be kept to a minimum in order to
maintain a high signal-to-noise ratio. In a receiving system in which no
RF amplification is used ahead of the first detector, the signal-to-noise ratio
is limited to a large extent by the noisiness of the first detector and the first
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IF tube. The noise performance of the first IF stage will be discussed in
some detail.**

A convenient method of expressing the departure from ideal performance
is the use of the “noise figure” proposed by Friis 6 The noise figure of a
network or amplifier may be defined as follows:

_ Available output noise power
1" GKTAf FOJ i,

where G is the “available gain” which is defined as the ratio of the available
signal power at the output terminals oh the network or amplifier to the
available signal power at the terminals of the signal generator. KTAf is

the available noise power from a passive resistance, where I\ is Boltzmann’s
constant, T is absolute temperature and A/ is the incremental bandwidth.

This follows from consideration of a noise generator of resistance Ro working

into a load resistance Ri> This is the condition for maximum power into

the load, half of the noise voltage appearing across the source and hal
across the load. The open-circuit noise voltage appearing across the
terminals of a resistance Rn is

V2 = AKTROAT oo (16)

The noise powerdelivered to the load by the source resistance will be

p- - s ~ K.... 7>

If there were no source of noise other than that of the resistance of the signal
source itself, the noise figure would be unity. If the signal source works
directly into a matched load resistance at the same temperature, the noise
figure is 2 since the available Output noise power is KTAf and the available
gain is one-half.

The importance of the noise figure of the radar receiver is obvious since a
reduction in the noise figure is equivalent to the same percentage increase in
transmitter power. In recent radar systems the noise arising in the first IF
stage constituted a substantial part of the total receiver noise.

If the first IF tube provides at least 15 db gain, noise introduced by its
plate load impedance, and byanyother sources in the rest of the amplifier,
is usually negligible. The departure of the noise figure of the IF amplifier
from unity is then due to noise arising in the first tube and in its input
circuit.

In the very high frequency (VHF) range, essentially all of the noise arising

** It will be assumed in all of the discussion about noise that there is no noise due to
flicker effect, emission of positive ions, microphonics, sputter, ionization, secondary emis-

sion, or reflection ot electrons from charged insulators.
6“Noise Figure of Radio Receivers,” H. T. Friis, I. R. E. Proceedings, July 1944.
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in the tube itself is due to random fluctuations in the emission of electrons
from the cathode. For a parallel plane diode in a circuit such as that shown
in Fig. 10(a), the mean square noise current is7

where e is the electronic charge, h is the d-c cathode current, Af is the
incremental bandwidth, and T is a factor which takes into account the

fit _ BY-PASS
CONDENSER

.p /d

Fig. 10a—Diode, negligible circuit impedance.
Fig. 10b—Pentode, negligible circuit impedance.
Fig. 10c—Pentode, impedance in grid circuit.

“cushioning effect” of space charge. For anode-cathode spacings and
operating conditions such that the transit time is not too large a faction of
the period of the frequency involved, F is of the order of 0.20 when the
zero-field emission is several times larger than h m Under temperature-
limited conditions F is unity. That is, under favorable space-charge-
limited conditions, the fluctuation noise component in h is only about 20%
of the value for the same cathode current under temperature-limited condi-
tions. Although the introduction of grids between the cathode and anode

7“Fluctuations in Space-Charge-Limited Currents at Moderately High Frequencies,”
IL J. Thompson, D. O. North, W. A. Harris, R. C. A. Review, October 1940, Vol. S, p. 244.
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of the simple diode complicates the noise problem, the factor F remains of
great importance. It is therefore desirable to control the tube processing
in manufacture so as to insure adequate available emission in every tube.
An *“activity test” is made on completed tubes for this purpose. This test
consists of reducing the heater voltage by an arbitrary amount (usually 10%)
and observing the change in one of the tube characteristics which is sensitive
to changes in available emission. The characteristic used for tubes like
the 717A and 6AKS5 is the transconductance. If the transconductance de-
creases by more than about 20% for a 10% reduction in heater voltage,
with the other operating voltages held constant, insufficient available emis-
sion is indicated and Y is higher than for more “active” tubes.

In the case of a pentode with negligible impedance in each of its leads, as
shown in Fig. 10(b), the fluctuation in the cathode current is the same as
that given in equation (18), but the noise component in the plate lead is
larger. Thompson, North, and Harris7 showed that it can be written as

(19)

where | p is the d-c plate current and Id is the d-c screen current. It was
mentioned above that Y can be made as low as 0.20 by providing adequate
available emission. From the design standpoint, equation (19) also shows
that the screen current should be as small as possible. For normal operat-
ing conditions in a pentode, the screen current is influenced by the screening
fraction, (fraction of area blocked off by grid wires) of the screen grid and
by the amount of space current turned back to the screen in the screen-plate
region. The way to get a minimum screening fraction and still obtain the
desired function of the screen grid of reducing the plate-grid capacitance is
to use wire of as small diameter as possible. The presence of asuppressor
grid, at cathode potential, placed between the screen and the plate to pre-
vent interchange of secondary electrons, causes a certain proportion of the
space current which would otherwise go to the plate to be turned back to the
screen. Here again, this effect is minimized by using as fine wire as possible
for the suppressor grid. It was pointed out in an earlier section that fine
wires are desired for the control grid. The ideal for each of the three grids in
an IF pentode would be a conducting plane which offers no resistance to
the passage of electrons other than the influence of its potential.

When impedances are connected in the various leads of a pentode the
noise components discussed above will, in general, be different due to the
influence of fluctuation voltages developed between the elements of the tube.
In particular it is found experimentally in the VIIF range of frequencies
that when an impedance 7, is introduced between the grid and cathode, as
shown in Fig. 10(c), the noise component in the plate lead rises more than
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would be expected due to thermal noise from Z, because of the effect of grid
noise. North and Ferris8 showed that the grid noise can be taken into
account by assuming that the input resistance of the tube isaresistance
noise source whose absolute temperature is about 4.8 times ambient, if the
input loading is due to transit time effects alone. One consequence of this
input loading is that at high frequencies the best signal-to-noise ratio is
usually obtained with an input circuit of lower impedance than that which
would be used at low frequencies.

Actually, as was brought out in an earlier section, the loading in tubes
like the 6AKS5 is probably due largely to lead inductances between the active
tube elements and the external circuit components up to a few hundred
megacycles. According to Pierce9the effect of the cathode lead inductance
feedback is to reduce the signal component in the output current while
leaving the noise current due to screen interception noise unaffected. Input
loading may be a limiting factor in tubes like the 717A and 6AK5 when the
frequency is of the order of 100 me or higher, both because of its effect on
gain in some cases and because of its adverse effect on the signal-to-noise
ratio for early stage use. There is good evidence that the 6AK5 structure
would be useful at much higher frequencies than is the case at present if the
circuit connections to the tube elements were improved by more advan-
tageous mounting of the structure and the use of more suitable sockets or
external connectors.

Noise measurements made by a number of workers at Bell Telephone
Laboratories® indicate that an average noise figure of about 2.8 can be
obtained with the 6AK5 at a midband frequency of 60 me, with a well-
designed input circuit, and bandwidths up to 10 me. At a mid-band fre-
quency of 30 me the noise figure is about 2.4. At 100 me it is about 3.6.

5. Description of tide Design of the Western Electric 6AK5 T ube

In order that the reader may have a full appreciation of the dimensions
and other requirements of design to meet the characteristics discussed
above, a detailed description of the 6AK5 tube follows.

51 Mechanical Description

The 6AKS5 tube is an indirectly heated cathode type pentode employing
the 7-pin button stem and the T-5-1/2 size miniature bulb. The outline
dimensions are shown in Fig. 11. A photograph of a mount ready to be
sealed into a bulb is shown in Fig. 12. Figure 13 is a photograph of a
transverse section through the tube at the middle of the structure in a plane

*“Fluctuations Induced in Vacuum-Tube Grids at High Frequencies,” D. O. North
and W. R. Ferris, I. R. E. Proceedings, Vol. 29, No. 2, February 1941.

3Unpublished Technical Memorandum, J. R. Pierce.
10S. E. Miller, V. C. Rideout, R. S. Julian.
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i"t A

A (MEASUREO AT
I max 7.9 DIiAM. ON BULB)

0.040" + 0.002"

CATHODE AND
GRID - SUPPRESSOR GRID

CATHODE AND -
SUPPRESSOR GRID

SCREEN GRID'

Fig. 11—6AKS5 outline dimensions.

Fig. 12—6AK.5 mount structure (full size).
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parallel to the stem or “base” of the tube. The magnification in Fig. 13
as reproduced is about times.

The heater is a conventional folded type with eight legs of coated tungsten
wire. The wire diameter is 0.0014 inches and the unfolded length is 3 inches.
The insulating coating consists of fired aluminum oxide and is about 0.0025
inch thick.

The cathode is of oval cross-section with the contours of the longer sides
shaped to conform to the shape of the control grid. The major axis of the

Fig. 13—Transverse section of 6AK5 tube (5J" times).

cross-section of the cathode sleeve is 0.048 inch. The minor axis is 0.025
inch. The length of the sleeve is 0.47 inch and it is coated over a centralized
section which extends 0.28 inch along its length. The coating is the usual
mixture of oxides of barium, calcium, and strontium. Before the tube is
processed, the coating thickness is about 0.002 inch. After processing, it is
about 0.001 inch thick.

The grids are oval-shaped and are wound with small diameter wires.
The control-grid and the screen-grid lateral wires are 0.001 inch diameter
tungsten. The suppressor-grid lateral wires are 0.002 inch diameter
molybdenum. The control-grid wires are gold-plated in order to minimize
primary emission of electrons from this grid.
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The plate has a rectangular transverse cross-section and ismade of 0.005
inch thickness carbonized nickel. The carbonization increases the thermal
emissivity of the plate surface so that a reasonable amount of power dissipa-
tion in the plate can be tolerated.

The end shields are made of nickel-plated iron. The reason for using this
material instead of nickel, as is more often the case, is to prevent overheating
of these shields during the ex-haust process. At the temperatures used, the
iron shields pick up less energy in the induction field during the out-gassing
of the plate than do nickel shields. The function of the end shields is to
minimize the stray capacitance between the plate and the control grid.

The insulators or spacers which hold the tube elements in proper disposi-
tion with respect to each other are of high grade mica. They are coated with
magnesium oxide to minimize surface leakage effects.

The getter, which can be seen at the top of the structure in Fig. 12, con-
tains barium which is flashed onto the inside surface of the bulb at the end
of the exhaust process in order to take up residual gas evolving from the
parts of the tube during operation.

Although the individual parts are extremely small and fragile, the com-
pleted tube is surprisingly rugged. The short supporting wires in the stem
and the support provided by the bulb-contacting top insulator result in
the stem, bulb, and mount structure being a relatively rigid unit. The
small parts assembled into the mount are very light in weight and therefore
exert relatively small forces on their supporting members under conditions
of mechanical shock. Shock tests performed at the Naval Research Labora-
tory and at the Bell Laboratories show that the 6.AK5 tube stands up
satisfactorily under a steady vibration of rms acceleration 2.5 times gravity
and withstands 1 millisecond shocks of over 300 times gravity.

The most important single geometrical factor in the tube is the spacing
between the cathode and the control grid. In the 6AKS5 tube this clearance
is 0.0035 inch after processing. Before processing it is 0.0025 inch. The
manufacturing difficulties involved in assembling the structure and main-
taining such small clearances are obviously very great. However, as was
seen from the discussion above, this close spacing is essential in order to
obtain the desired high-frequency performance.

It can be observed that the close mounting of the structure on the stem
provides very short lead lengths between the tube elements and the external
pins. This is of importance at frequencies where the inductances of the lead
wires become comparable in magnitude to the circuit reactances.

5.2 Low Frequency Electrical Charatceristics

The usual static characteristics are shown by the curves in Fig. 14. The

ratings, nominal characteristics, and cold capacitances are given in Table Il
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5.3 Fixed Tuning

It is highly desirable to design the IF amplifier with fixed tuning in order
to minimize the number of adjustments that need to be made when tubes

SCREEN-GRIDI 120v

40 80 120 160 200 240 -7 -6 -5
PLATE POTENTIAL IN VOLTS CONTROL-GRID POTENTIAL IN VOLTS
2000
(ju 1000
;2

HEATER VOLTAGE
= 6.3 VOLTS

(l 8000

< 4000

82 o

7 -6 - - -3 -
CONTROL-GRID POTENTIAL IN VOLTS

Fig. 14—Average/>AKS5jcharacteristics.

are changed. The difficulty immediately arises that, since the tube capaci-
tances are usually a large fraction of the total shunt capacitance of each
coupling network, the variations in capacitance from one tube to another
become very important. It is essential that, after the amplifier is lined up
at the factory with standard tubes, any stock tubes taken at random shall
give satisfactory performance in the amplifier. This requires close control
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of the capacitances. Not only must the capacitances be held within the
limits of the test specification, but the product averages must be kept close
to the design center values particularly in the cases of the input and output
capacitances.

Table 11
Heater Rating
Heater VOIAge et 6.3 volts, a-c or d-c
NOMINal hEAtEr CUTMTENT ..o 0.175 ampere

Maximum Ratings (Design-center values)

Maximum plate voltage 180 volts
Maximum screen voltage... 140 volts
Maximum plate dissipation.. .. 1.7 watts
Maximum screen dissipation.. . 0.5 watt
Maximum cathode current....... .18 milliamperes
Maximum heater-cathode voltage. 90 volts
Maximum bulb temperature 120°C

Operating Conditions and Characteristics
Plate voltage 120 150 180 volts
Screen voltage. 120 140 120 volts
Cathode-bias resistor......ooevevvvicnnecniineienns 200 330 200 ohms
Plate current....... e 1.5 7.0 7.7 milliamperes
SCrEEN CUTTENT vttt 2.5 2.2 2.4 milliamperes
Amplification factor. 1700 1800 3500
Plate resSiStanCe ..o 0.34 0.42 0.69 megohms

Transconductanc 5000 4300 5100 micromhos
Interelectrode Capacitances {Wlth JAN JA No. 314 shield connected to cathode)
Control grid to heater, cathode, screen grid and suppressor grid.........ccccoeeeeenes 3.90 nni
Plate to control grid 0.01 giri
Plate to heater, cathode, screen grid and SUPPressor grid.......ceinnrnenns 2.85 ;ifif

6. Conclusion'

The important factors to be considered in evaluating the suitability of a
vacuum tube for broad band IF use in the YHF range are as follows:
Band merit
Noise figure
Input conductance
Power consumption
Physical size

6. Control of capacitances

We have seen that the tube design features which make a tube good on
the basis of these requirements are close grid-cathode spacing, fine grid wires,
short lead wires, and small elements. An important consideration from the
manufacturing standpoint is the control of cathode emission for low noise.
It has been possible to extend the useful frequency range of conventional
receiving tubes up through the VHF range and somewhat higher by this
line of attack.

O RN
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The 6AK5 tube is an outgrowth of the many years of development in
this general field by the Electronics group of the Bell Telephone Laboratories.
Contributions to the success of the development have been made by chem-
ists, physicists, mechanical engineers and electrical engineers too numerous
to mention individually and to whom the author is indebted for much of the
material presented.



High Q Resonant Cavities for Microwave Testing

By I. G. WILSON, C. W. SCHRAMM and J. P. KINZER

Formulas and charts are given which aid the design of right circular cylinder
cavity resonators operating in the TE 01n mode, which yields the highest Q for
a given volume. The application of these to the design of an echo box radar test
set is shown, and practical considerations arising in the construction of a tun-
able cavity are discussed.

Introduction

TUNABLE high Q resonant cavity is a particularly useful tool for

determining the over-all performance of a radar quickly and easilyl*
Further, since it uses the radar transmitter as its only source of power, it can
be made quite portable. When a high Q cavity is provided with two cou-
plings, one for the radar pickup and the other to an attenuating device,
crystal rectifier and meter which serve for tuning the cavity not only can
an indication of over-all performance be obtained but other useful informa-
tion as well. For example, the transmitter frequency can be measured;
calibration of the crystal affords a rough measure of the transmitter power;
and an analysis of the spectrum can be made by plotting frequency versus
crystal current. This information is of particular importance in radar
maintenance.

The Q required for this purpose is quite high, comparable to that obtained
from quartz crystals in the video range. For this reason, such cavities
have many additional possibilities for use in microwave testing equipment
and microwave systems. For example, they may form component parts of
a narrow band filter, or be used as discriminators for an oscillator frequency
control.

Resonant cavities are of two general types—tuned and untuned. A tuned
cavity is designed to resonate in a single mode adjustable over the radar
frequency range. An untuned cavity is of a size sufficient to support a
very large number of modes within the working range. Both are useful,
but the tuned variety can give more information about the radar and hence
has been more widely used.

While a tuned cavity may be a cylinder, parallelepiped or sphere (or even
other shapes), the first of these has been most thoroughly explored by us.
It offers the possibility of utilizing the anomalous circular mode, described
by Southworth2 in his work on wave guides, which permits the attain-
ment of high Q’s in quite a small size. In addition, it is easier to construct
a variable length cylinder than a variable sized sphere.

*Superscripts refer to bibliography.
408
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Due to their interesting properties the history of resonators of the cavity
type in which a dielectric space is enclosed by a conducting material, goes
back many years. In 1893J. J. Thompson3derived expressions for resonant
frequencies of the transverse electric modes in a cylinder. Lord Rayleigh4
published a paper in 1897 dealing with such resonant modes. The early
work was almost entirely theoretical but some experiments were carried out
in 1902 by Becker5at 5 and 10 centimeters. In recent years, the subject
has been fairly thoroughly investigated (at least theoretically) for several
simple shapes.

However, many of the presentations are highly mathematical with con-
siderable space devoted to proofs; the results which would be most useful
to an engineer are thus sometimes obscured. The purpose of this paper is
to present certain engineering results together with information upon the
application of the tunable cylindrical cavity to radar testing.

Definitions and Fundamental Formulas

Modes

By fundamental and general considerations, every cavity resonator, re-
gardless of its shape, has a series of resonant frequencies, infinite in number
and more closely spaced as the frequency increases. The total number N
of these having a resonant frequency less than/ is given approximately by:6

in which

V = volume of cavity in cubic meters.

¢ = velocity of electromagnetic waves in the dielectric in meters per

second.

/ frequency in cycles per second.

With each resonance there is associated a particular standing wave pattern
of the electromagnetic fields, which is identified by the term “mode.”

In right cylinders (ends perpendicular to axis) the modes fall naturally
into two groups, the transverse electric (TE) and the transverse magnetic
(TM). In the TE modes, the electric lines everywhere lie in planes per-
pendicular to the cylinder axis, and in.the TM modes, the magnetic lines
so lie. Further identification of a specific mode is accomplished by the
use of indices.

The M'S Factor

With the cylinder further restricted to a loss-free dielectric and a non-
magnetic surface, there is associated with each mode a value of Q (quality
factor)7 which depends on the conductivity of the metallic surface, on the
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frequency and on the shape of the cylinder, e.g. whether it is circular or
elliptical, and whether it is slender or stubby. The quantity however,

depends only upon the mode and shape of the cylinder and has been referred
to as the mode-shape (MS) factor. In this formula, S refers to skin depth
as customarily defined8 and X is wavelength in the dielectric, as given by

Q
X= both 5and Xare in meters.

Fundamental Formulas

Expressions for standing wave patterns and Q- are given in Table I,
A

for right rectangular, circular and full coaxial cylinders*. The table is
virtually self-explanatory, but a few remarks on mode designation are
needed. The mode indices are /, m, n following the notation of Barrow and
Mieher.9 In the rectangular prism they denote the number of half-wave-
lengths along the coordinate axes. For the other two cases they have an
analagous physical significance with | related to the angular coordinate,
vi to the radial and n to the axial.

In the elliptical cylinder, a further index is needed to distinguish between
modes which differ only in their orientation with respect to the major and
minor axes; these paired modes are termed even and odd, and have slightly
different resonant frequencies.10 In the circular cylinder they have the
same frequency, a condition which is referred to as a degeneracy (in this
case, double); that is, in the circular cylinder, odd and even modes are dis-
tinguishable only by a difference in their orientation within the cylinder
with reference to the origin of the angular coordinate. In Table I, the
field expressions are given for the even modes; those for the odd modes are
obtained by changing cos Id to sin Id and sin Id to cos 16 everywhere.

The value of N in the table is based on counting this degeneracy asa
single mode; counting even and odd modes as distinct will nearly double the
value of N, thus bringing it into agreement with the general equation (1).
The distinction between even and odd modes is of limited importance in
practical applications, and will not be further mentioned.

In Table I, the inks system of units is implied. The notation is in gen-
eral accordance with that used in prior developments of the subject. For
engineering applications, it is advantageous to reduce the results to units
in ordinary use and to change the notation wherever this leads to a more
obvious association of ideas. For these reasons, in what follows attention

*The elliptic cylinder (closely allied to the circular cylinder of which it is a generaliza-
tion) is omitted as the necessary functions are not widely known or easily available.
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is confined to the circular cylinder, with changes in units and notation as
specified later.

I’ig. 1—Mode chart for right circular cylinder resonant cavity.

The Mode Chart

The formula relating the resonant frequency to the mode, shape and
dimensions of the cylinder is of prime interest. It may be simply written as

(JDf= A + Bn2(J) @)
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where
| = frequency in megacycles per second.

diameter of cavity in inches.

length of cavity in inches.

a constant depending upon the mode. Values of A are given in

Table Il for the lowest 30 modes. Values of Bessel function roots

are given in Table 111 for the first ISO modes.

B = a constant depending upon the velocity of electromagnetic waves
in the dielectric. For air at 25°C and 60% relative humidity,
B = 0.34799 X 108

n — third index defining the mode, i.e., the number of half wavelengths
along the cylinder axis.

D
L
A

T abte |l.—Constantsfor Use in Computing the Resonant Frequencies of Circular Cylinders

B = 0.34799 X 10s ¢ = 1.17981X 10>° inches/second

Mode r A

™™ 01 2.40483 0.81563 X 10s
02 5.52008 4.2975
03 8.65373 10.5617
11 3.83171 2.0707
12 7.01559 6.9415
13 10.17347 14.5970
21 5.13562 3.7197
22 8.41724 9.9923
31 6.38016 5.7410
32 9.76102 13.4374
41 7.58834 8.1212
51 8.77148 10.8511
61 9.93611 13.9238

TE 01 3.83171 2.0707
02 7.01559 6.9415
03 10.17347 14.5970
1 1.84118 0.47810
12 5.33144 4.0088
13 8.53632 10.2770
21 3.05424 1.3156
22 6.70613 6.3426
23 9.96947 14.0175
31 4.20119 2.4893
32 8.01524 9.0606
41 5.31755 3.9S79
42 9.28240 12.1520
51 6.41562 5.8050
61 7.50127 7.9359
71 8.57784 10.3772
81 9.64742 13.1265

Value of c is for air at 25°C. and 60% relative humidity. 1) and L in inches;/ in
megacycles.
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Formula (2) represents a family of straight lines, when (D /L)2and {JD)~ are
used as coordinates, and leads directly to the easily constructed and highly
useful “Mode Chart” of Fig. L

It will be noted from Table Il that the TE Omn and the TM 1mn modes
have the same frequency of resonance. This is a highly important case of
degeneracy. In the design of practical cavities it is necessary to take
measures to eliminate this degeneracy, as the TM mode (usually referred
to as the companion of its associated TE mode) introduces undesirable
effects. This is discussed more at length later.

Choice of Operating Mode

S
Turning now to the expressions for Q; these are seen to be of a rather com-

plicated nature. For some of the lower order modes, their values are
plotted in Figs. 2, 3 and 4. Examination of these leads to the question of
which mode has the highest Q for a given volume. It is desirable to keep
the volume a minimum, since, as shown by (1), the total number of reso-
nances is a function of the volume. Analysis of the problem is somewhat
involved, but leads to the conclusion that operation in the TE 01» mode*
gives the smallest volume for an assigned Q, and also leads to specific values
of » and D/L which give this result. In fact, for maximum Q/V in the
TE 01» mode,

@)

which permits easy plotting on a mode chart of the locus of the operating
points for best Q/V ratio.

Extraneous or Unwanted Modes

In echo boxes for radar testing, where high Q is of the utmost importance,
the TE 01» mode has been used. The values of« vary from 1at frequencies
around 1kmc to 50 at about 25 kmc.

All other modes are then regarded as unwanted or extraneous. The great
utility of the mode chart lies in that it permits a quick determination of the
most favorable operating area. We consider this now in detail.

Figure 5 shows a portion of a mode chart. It is clear that the sensible
way to construct a tunable cylinder is to keep the diameter fixed and vary
the length. With fixed diameter, the coordinates of the mode chart are

essentially p and and it is convenient to refer to them loosely as fre-

*Unimportant exceptions occur for values of Q '/; < 1.2
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quency and length. Waith this understanding, if the frequency band to be
covered by the tunable cavity extends from/i to/2then the length must be
adjustable from L\ to £2 Responses to frequencies within the band, but

Fig. 2—Modc-shape factors as a function of diameter to length ratio for cir-
cular cylinder resonator— TM modes.

which demand lengths outside the range L\ to £2are of little interest because
mechanical stops prohibit other lengths. On the assumption that the ap-
plied frequency will always lie within the operating band /i to/2 responses
to frequencies below/i or above/2are likewise of little interest. Therefore,
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major consideration need be given only to those modes which lie within the
rectangle of which the desired TE 01» mode forms the diagonal.

TE 023

TEOmn MODES

F'S- 3—Modc-shape factors (g” asa function of diameter to length ratio (? ) f°r cir-
cular cylinder resonator — TE modes with 1= 0.

Any nondiagonal mode is an extraneous mode. Those which do not
cross the desired mode within the frame are called interfering modes. They
act to give responses at more than one tuning point when the applied fre-
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qucncy is held fixed, or alternatively to give responses at more than one
frequency when the tuning is held fixed. In either event they lead to
ambiguity and confusion, and their effects must be reduced to the point
where this cannot occur.

Fig. 4—Mode-shape factors as a function of diameter to length ratio (~j fer

- cularcylinder resonator — TE modes with | > 0.

A special type of interfering mode is the TE 01(/r + 1) mode. In the
nature of things, it is virtually impossible to suppress this mode without
likewise suppressing the desired TE 01« mode. The width of the operating
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band is thus strictly limited, if ambiguity is to be avoided. This effect,
termed self-interference, becomes an important factor as n increases, since

?_ {maximum) = 2.
i

This maximum value cannot be realized because it is incompatible with other
requirements.

Fig. 5—Mode chart illustrating meaning of crassing and interfering modes and of operating
area.

When an undesired mode crosses the main mode within the rectangle it is
called a crossing mode. Except in a region close to the crossing point, it
acts only to cause ambiguity as already discussed. In the immediate region
of the crossing point, however, the cavity is simultaneously resonant in both
modes. Violent interaction effects which may seriously degrade the cavity
Q frequently occur at such a crossing.

Methods of Minimizing Effects oj Unwanted Modes

A major problem in the design of a high Q cavity for radar test purposes,
in which the Q and frequency range are set by radar system considerations,
is to reduce the effects of all the undesired modes without seriously degrading
the main TE 01k mode. Among those to be suppressed is the companion
TM 11» mode which is inherently of the same frequency.
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-Values of the Bessel Function Zero (rim) for the First 1ISO Modes in a Circular
Cylinder Resonator

Mode * rim Mode* rim Mode* rim Mode*
E 11 46 13.0152 M 3-3 91 18.4335 M 10-2 136 22.6716 E 27
M  0-1 47 13.1704 E 2-4 92 18.6374 E  6-4 /137 22.7601 M 17
E 21 14813.3237 M 14 93 18.7451 E 12-2 \I38 22.7601 E 0-7
M 1-1 \49 13.3237 E 0-4 94 18.9000 M 14-1 139 22.9452 M 84
E 01 5013.3543 M 9-1 95 18.9801 M 5-4 140 23.1158 M 14-2
E 31 51135893 M 6-2 96 19.0046 E  9-3 141 23.2548 E 21-1
M 2-1 52138788 E 12-1 97 19.1045 E 17-1 142 23.2568 hi1 18-1
E 4-1 53139872 E 5-3 98 19.1960 E  4-5 143 23.2643 E 16-2
E 12 5414.1155 E 8-2 99 19.4094 M 35 144 23.2681 E 75
M  0-2 55143725 M 4-3 100 19.5129 E 2-6 145 23.2759 M 113
M  3-1 56 14.4755 M 10-1 101 19.5545 M  8-3 146 23.5861 M 65
E 51 57145858 E 3-4 /102 19.6159 M 1-6 147 23.7607 E 10-4’
E 2-2 5814.7960 M 2-4 \103 19.6159 E 0-6 148 23.8036 E 56
M 12 59 14.8213 M 7-2 104 19.6160 M 11-2 149 23.8194 E 133
E 0-2 60 14.8636 E 1-5 105 19.8832 E 13-2 150 24.0190 M 46
E 6-1 61 14.9284 E 13-1 106 19.9419 E  7-4 151 24.1449 E 37
M 41 62 14.9309 M 0-5 107 19.9944 M 15-1 152 24,2339 hi 94
E 3-2 63152652 E 6-3 10S 20.1441 E 1S-1 153 24.2692 hi 152
M 2-2 64 15.2867 E 9-2 109 20.2230 E 10-3 154 24.2701 hi 27
E 13 65155898 M 11-1 110 20.3208 M  6-4 155 24.2894 E 221
E 7-1 66 15.7002 M 5-3 111 20.5755 E  5-5 156 24.3113 E 18
M  0-3 67 15.9641 E 4-4 112 20.7899 hi 12-2 157 24.3382 hi 19-1
M 5-1 68 15.9754 E 14-1 113 20.8070 M 9-3 158 24.3525 hi 0-8
E 42 69 16.0378 M 8-2 114 20.8269 M  4-5 159 24.3819 E 17-2
E 81 7016.2235 M 3-4 115 20.9725 E  3-6 160 24.4949 hi 12-3
M 3-2 71 16.3475 E 2-5 116 21.0154 E 14-2 161 24.5872 E 85
M  6-1 72 16.4479 E 10-2 117 21.0851 M 16-1 162 24.9349 hi 75
E 2-3 /7316.4706 M 1-5 118 21.1170 hi 2-6 163 25.0020 E 143
hr 13 174 16.4706 E 0-5 119 21.1644 E 1.7 164 25.0085 E 114
E 0-3 7516.5294 E 7-3 120 21.1823 E 19-1 165 25.1839 E 66
E 5-2 76 16.6982 M 12-1 121 21.2116 M 0-7 166 25.3229 E 231
E 91 77 17.0038 M 6-3 122 21.2291 E 8-4 167 25.4170 hi 16-2
M 4-2 78 17.0203 E 15-1 123 21.4309 E 11-3 168 25.4171 hi 20-1
M 71 79 17.2412 M 9-2 124 21.6415 M 7-4 169 25.4303 hi 56
E 3-3 8017.3128 E 5-4 125 21.9317 E  6-5 170 25.4956 E 18-2
M 2-3 81 17.6003 E 11-2 126 21.9562 M 13-2 171 25.5094 hi 104
E 14 8217.6160 M 4-4 127 22.0470 M 10-3 172 25.5898 E 47
E 6-2 S317.7740 E 8-3 128 22.1422 E 15-2 173 25.7051 M 133
E 10-1 84 17.7887 E 3-5 129 22.1725 M 17-1 174 25.7482 M 37
M 0-4 8517.8014 M 13-1 130 22.2178 M 5.5 175 25.8260 E 28
M S-I 86 17.9598 M 2-5 131 22.2191 E 20-1 176 25.8912 E 95
M 52 87 18.0155 E 1-6 132 22.4010 E 4-6 /177 259037 M 18
E 4-3 8818.0633 E 16-1 133 22.5014 E 9-4 \178 25.9037 E 0-8
E 11-1 89 18.0711 M 0-6 134 22.5827 hi 3-6 179 26.1778 E 153
E 7-2 90 18.2876 M 7-3 135 22.6293 E 12-3 180 26.2460 E 12-4

iture after Barrow & Mieher, “Natural Oscillations of Electrical Cavity Resonators
ngs, April 1940, p. 184, M modes take zeros of Ji(x); E modes take zeros of {(*)m
tly following E or M is I\ number after hyphen is number of root,

than 16.0 are abridged from six-place values and are believed to be correct; values
lare abridged from five-place values and may be in error by one unitin fourth decimal
urth place indicates that higher value is to be used in rounding off to fewer decimals-

ution, of limited application, is to choose an operating rectangle
extraneous responses. An alternative solution is to design the
a manner such that the undesired responses are reduced or sup-
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pressed to a point where their presence does not interfere with the normal
operation of the cavity. In this latter case, the amount of suppression is
naturally dependent upon the use to which the cavity is to be put, and is
conceivably different for a high Q cavity used as a frequency meter, for
example, and one used as a selective filter.

Experience has shown that certain families of modes are much more diffi-
cult to suppress than others, and are to be avoided, if at all possible. The
feasibility of doing this can be determined by sliding the operating area
(a suitable opening in a sheet of paper) around on a large mode chart until
the most favorable operating region, consistent with other requirements,
has been found.

Once a suitable operating area has been chosen, the cavity diameter is
fixed and length and frequency scales added to the mode chart make it read
directly in quantities readily measured.

Cavity Couplings

To be useful the cavity must be coupled to external circuits. The prob-
lem here is to get the correct coupling to the main mode and as little coupling
as possible to all others. Since the electric field is zero everywhere at the
boundary surface of the cavity for the TE 01» mode, coupling to it must
be magnetic. This may be obtained either by a loop at the end of a coaxial
line or by an orifice connecting the cavity with a wave guide.

The location for maximum coupling to the main mode is on the side of
the cavity, an odd number of quarter-guide wavelengths from the end, or
on the end about halfway (48%) out from the center to the edge. Correct
orientation of loop or wave guide is achieved when the magnetic fields are
parallel. This requires the axis of the loop to be parallel to the axis of the
cylinder for side wall feed and to be perpendicular to the cylinder axis for
end feed. Wave guide orientation is shown in Table IV.

The theory of coupling loops and orifices is not at present precise enough
to yield more than approximate dimensions. Exact sizes of loops and holes
have therefore been obtained experimentally for all designs.

On the basis of rather severely limiting assumptions,11 coupling formulas
for a round hole connecting a rectangular wave guide and a TE 0ln cavity
are given in Table IV. The assumptions are that the orifice is in a wall of
negligible thickness, its diameter is small compared to the wavelength, it is
not near any surface discontinuity, and that the wave guide propagates
only its principal (gravest) mode and is perfectly terminated. In echo box
applications, this theory leads to a computed diameter that is somewhat
smaller than experiment shows to be correct.

The coupling to other modes can be analyzed, at least qualitatively, from
the field expressions of Table 1. This has been of value in making final



Table XV.—Orifice Coupling of Wave Guide (TE 10 Mode) to Cylindrical Cavity (TE Omit Mode)
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small relocations of the coupling points to discriminate against a residual
undesired mode.

Principle oj Similitude

One other theorem generally applicable to all cavities has been useful
in design. It is the principle of similitude, which maybe stated as follows12

A reduction in all the linear dimensions of a cavity resonator by a
factor Um (if atcompanied by an increase in the conductivity of the
walls by a factor m) will reduce the wavelengths of the modes by a
factor 1/m.

The condition given in parentheses is necessary for strict validity; for
high Q cavities, it need not be considered.

Application op Theory

An illustration of an engineering application of the basic information
just presented, is the design of an echo box test set for use in radar main-
tenance.

The test set has a number of components, but only the cavity proper and
its couplings will be considered at this time.

Design Requirements

The basic design requirements of the cavity set by the radar are: (1) the
working decrement, and (2) the tunable frequency limits (/j and/;). Service
use of these test sets in the 3 kmc and 9 kmc bands has shown that a working
decrement of about 3 db per microsecond gives satisfactory results.

As seen in the discussion above, Q is a more useful design parameter for
the resonant cavity than decrement, d. Hence the conversion

where d is expressed in db per microsecond, and/ is in megacycles, gives the
loaded or working Q to be realized.

Determining the Theoretical Q Required

For design purposes, however, there are several factors which dictate the
use of a value for theoretical Q which is somewhat higher than the loaded Q
just computed. The input and output couplings reduce the theoretical Q
of the cavity due to their loadings. The coupling factor, s, expressed as the
ratio of loaded to unloaded Q, has values for echo boxes of about 0.90 for
the input coupling and from 0.90 to 0.99 for the output coupling. In addi-
tion, other factors such as the means used for mode suppression may degrade
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the Q.But, in simple designs,these maybe negligible. Therefore, it is
expedient todesign for a theoretical Qof about 15 to 25per cent in excess of
the working Q to be realized.

The working Q’s of a number of echo box designs are cited here to indicate
the order of magnitude required at several frequencies:

1 kmc 70,000*

3 40,000

9 100,000
25 200,000

Finding the Cavity Dimensions

W ith the frequency and theoretical Q known, the dimensions of the cavity
can be evaluated but the formulas of Table | require some simplification for
engineering use.

5
The mode-shape (MS) factor, QX, may also be termed its selectivity which

for the TE 01ln modes may be expressed as follows:
13/2
[ + <U68(?)V]
g I = 0610 J ®
1+ 0.168\j)n

where:

5 = the skin depth incm. =

p = the resistivity in ohm-cm.

The skin depth is a factor which recognizes the dissipation of energy in
the walls and ends of the cylinder. With increase of resistivity of these
surfaces the currents penetrate deeper and the resulting Q is lower.

A comparison of the relative Q’s computed from the resistivity of several
metals will show the importance of this factor:

Silver 1.03
Copper 1.00
Gold 0.84
Aluminum 0.78
Brass 0.48

Therefore, a brasscavity, will have about one-half of the Q that a similar
cavity would have if made of copper.Similarly, the silverplating of a copper
cavity will gain about 3 per cent in Q.

Equation 5 may be made more convenient for calculations by combining

*This value reflects the higher Q required on ground radars.
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terms which are a function of frequency and by assuming the conductivity
of copper* for the cylinder walls. It then becomes

~\312

1+ 0.168&""H

1+ 0.168

2.77

(6)

for TE 01// modes;/is in megacycles.
Thus, it is seen that for the design parameters Q and/, selected values of «
now define tentative useful points on the mode chart in terms of D/L and «.

Selection of Operating Area on Mode Chart

This will be more evident upon examination of Fig. 6, which is a basic
design chart for cylindrical cavity resonators using TE 01» modes. The
coordinates of (JD)2and (D/L)- will be recognized from the previous dis-
cussion of the mode chart (Fig. 1) although in this case the range has been
expanded by the use of logarithmic coordinates. Mode identification is
obtained from equation 2; which, for TE 01?/ modes becomes

(fDf X 10-8= 2.0707 + 0.3480 m2 (D/Lf @

with D and L in inches and/ in megacycles.
A family of TE 01» modes has been drawn on the chart for selected values

Q

of 1. To aid in designing for minimum volume a line labelled Max. * has

been added (Equation 3). Lines of constant Q y/f are also shown as a
series of dashed lines.

A tentative operating area on this chart may be selected on the basis of
the required Qy/f. Using mid-frequency for/, the intersection of the Q y/f
line and the minimum volume line will define the operating mode, «, and
also locate the center of the operating rectangle.

An enlarged plot of this area as in Fig. 7 will show all modes possible in
the cavity. Some adjustment of the precise location of this area may then
be desirable to eliminate certain types or numbers of unwanted modes. For
example, it is extremely difficult to suppress TE 02 modes without affecting
the TE 01 mode, because of the very close resemblance of the field configura-
tions. On the other hand, most TM modes are easy to handle.

It may be possible to select an operating area such as the rectangle blocked
out in Fig. 1 in which all extraneous responses (with the exception of the
companion TM 111) are avoided. The largest rectangle which can be
inscribed here is limited by the TE 311 and TE 112 modes. This will

*p = 1.7241 X 10~6 ohm-cm—the International Standard value for copper.
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permit a +3.6 per cent frequency range. Several designs of 3 kmc echo
boxes have been based on this area.

0.0l 0.02 0.04 0.08 0.08 01 0.2 0.4 06 08 |
\2

Fig. 6—Design chart for cylindrical cavity resonators operating in the TE 01« modes.

| f

Fig. 7—Expanded mode chart covering the operating area of a 9 kmc echo hox.

This type of solution is quite adequate for many of the simpler designs;
but as the required Q becomes larger or the frequency coverage becomes
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greater it is generally not possible to locate such areas. An operating area
for 9 kmc is shown on Fig. 7. Nine crossing modes and twelve interfering
modes exist. For 25 kmc the crossing modes run into the forties with
hundreds of interfering modes.

Suppression of the undesired modes requires a thorough knowledge of
their field configurations and a number of effective techniques which may be
applied on a practical engineering basis. Several examples are cited in later
sections.

Since decrement is an important characteristic of these cavities, espe-
cially when applied to radar test sets, the uniformity of the decrement over
the frequency range or “flatness of response” may be a significant design
requirement. It will be seen from Fig. 3, that the M S factor of the wanted
mode is not constant with varying D/L. In fact, if it were, the decrement
would increase as the 3/2 power of frequency.

There are at least three attacks on this “flatness” problem: (1) to operate
on the sloped portion of the M S curve in such a manner that its characteristic
will tend to be complementary to the change with frequency; (2) to obtain
compensation by varying the coupling with frequency—generally accom-
plished by selecting an appropriate coupling point along the side wall of
the cavity; and (3) to overplate a portion of the cylinder’s interior surface
with a material of higher resistivity such as cadmium. For this third

S .
method, the formulas for Q;& of Table I are no longer applicable since they

assume a uniform resistivity of the cavity walls.

Thus, it will be seen that the final design of a cavity resonator is a com-
promise between a number of desired characteristics:

a) A cavity of minimum volume for a given Q.

b) A cavity having a minimum of extraneous responses of types difficult

to suppress.

¢) A cavity with compensation for flatness of decrement.
Engineering judgment is required to weigh the emphasis on each of these
requirements which at times may be mutually exclusive.

Some Practical Considerations

Physically realizing the theoretical characteristics just described to obtain
a satisfactory cavity brings forth a host of practical design problems. A
number of these will be discussed in this section.

Description of Echo Box Test Sets

The schematics (Figs. 8 and 9) and photographs (Figs. 12 to 14) show the
components and various construction methods of echo boxes in the 3 and
9 kmc bands. The cavity itself may be spun, drawn or turned of material
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such as brass or aluminum which will give mechanical stability without
excessive weight.

Fig. 8—Schematic of a 3 kmc*echo box.

Fig. 9—Schematic of a 9 kmc echo box.

The movable plate is driven by the piston which operates in a close-fitting
bearing. The drive mechanism translates the rotary motion of the tuning
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knob into linear motion of the piston through a crank and connecting rod
assembly. Coupled to the drive shaft is an indicating dial to register
frequency.

Silverplating is indicated on all interior surfaces of the cavity for minimum
resistance to currents in the walls and ends of the cylinder.

lor the 3 kmc bands, the input coupling is in the form of a loop protruding
into the cavity and connected by coaxial microwave cable to the radar under

test. For the 9 kmc bands, the input coupling is an orifice with which is
associated a wave guide to coaxial cable transducer.

The output couplings for the two frequency bands also differ in construc-
tion. For the 3 kmc bands, the variable coupling is achieved by rotating
the output loop before an aperture in the cavity. In this rotary mount is
housed the rectifying crystal and by-pass condenser. An orifice is used for
the 9 kmc band output coupling which feeds a crystal mounted in a wave
guide. Amplitude control is by a vane attenuator in the wave guide. In
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all cases an integrating condenser is required to smooth out the d-c pulses
delivered by the crystal to give output indication on the d-c microammeter.

CLASS B
CLASS A (INTENSITY MODULATION)

AZIMUTH

PPI
(INTENSITY MODULATION)

-AZIMUTH -

Fig. 11.—Typical ringtime patterns on radar indicators.

The cylinder in the 9 kmc band is an assembly of a tube and two end
plates. One of these is driven by the piston as described and the other is
adjustable for “levelling” i.e., parallelism of the two plates.

End Plate Gaps

The wanted TE mode is paired with a companion unwanted TM as de-
scribed above. The fact that the TM mode has a () substantially less than
that of the TE makes the realization of the higher Q difficult. A method is
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needed of suppressing the TM in the presence of the TE. Since the resonant
cavity is a cylinder, of variable length, the movable end plate (or reflector)

FREQUENCY INDICATING DIAL
INPUT

METER “INTEGRATING CONDENSER

Fig. 12—Type of construction in a 3 kmc echo box.

FREQUENCY OUTPUT CRYSTAL
INDICATING DIAL MOUNT
LEVELLING
SCREW
PISTON ROD

INPUT TRANSDUCER

Fig. 13—Type of construction in a 9 kmc echo box.

can be modified to include a gap at its periphery. The gap perturbs the
resonant frequencies of the two modes by different amounts so that they
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become separated. Secondly, the peripheral gap cuts through the surface
currents at points, of high density for TM modes and minimum density of
TE Omn modes and hence is a form of mode suppression. Thirdly, the gap
greatly simplifies the mechanical design of a movable end plate by elimi-
nating the need of physical contact with the side wall of the cylinder.

A similar gap may be used at the other end. This facilitates “levelling”
of a false bottom in the cavity.

Fig. 14—Panel view of a 9 kmc echo box.

Back Cavity Effects

The cavity with a peripheral gap may give rise to further spurious reso-
nances in the region behind the reflecting surface (known as the back cavity)
if these responses are not damped. The addition of a lossy material such
as bakelite or carbon loaded neoprene in the back cavity is a successful sup-
pression method.

Cylinder Tolerances

The geometry of the structure is very important in realizing the poten-
tial Q of the cavity. The theoretical computations are based on a perfect
right circular cylinder which in practice is seldom achieved. Distortions
occur in various forms: e.g., the cylinder instead of being round may be
elliptical; the ends may not be perpendicular to the axis of the cylinder or
not parallel to each other; surface irregularities may be present causing field
distortions within the cavity. Many of these effects have been minimized
by requiring adherence to close dimensional tolerances.

For some designs, the requirement on the parallelism of the end plates is
greater than can be commercially produced. An adjustable mechanism for
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levelling is a practical solution. Tilt adjustments in the order of 0.001 inch
at the edge of the plate (about 3-inh diameter) are required in the 9 kmc
band. Experience in the 25 kmc band shows evidence of the need for even
finer control.

Plating

In addition, adequate control of the conductivity of the interior surfaces
of the cavity is necessary to achieve a uniform manufactured product. This
requires attention not only to the thickness and uniformity of the plating
but also to the purity of the plating baths and the avoidance of introduc-
tion of foreign matter during buffing processes.

Couplings

The type and location of the coupling means can be used to discriminate
between wanted and unwanted modes. Hence, this is a fertile field for mode
suppression techniques. For example, since TM modes have Hz = 0,
orifice coupling to the main mode at the side wall of the types shown in
Table 1V, cases 1A and 2A, will not couple to any TM modes. Again, if end
coupling is used in a cavity which will support both the TE 01 and TE 02
modes, by locating this coupling at the point where 11,, = 0 for the TE 02
mode (about 54% of the way out from the center), it will not be excited and
coupling to the TE 01 will be only slightly below maximum.

For echo box test sets the magnitude of the input coupling to the wanted
mode is a compromise between the incomplete buildup of the fields within
the cavity during the charging interval and the loading of the cavity Q on
discharge. This is carried on by varying the coupling and observing the
“ringtime” (the echo box indication on the radar scope). Optimum coupling
is achieved when ringtime is made a maximum.

Output couplings for echo boxes are made so that just enough energy is
withdrawn from the cavity to give an adequate meter reading.

Drive Mechanism

The objective of the design of the tuning mechanism is to provide a
smooth, fine control with a minimum of backlash. An illustration of the
mechanical perfection required can be cited in a 9 kmc band design where
i inch of travel covered 200 megacycles in frequency. Hence, for frequency’
settings to be reproducible to within 3 me the mechanical backlash of the
moving parts had to be held to about 0.0003 inches or 0.3 mil. To realize
this in commercial manufacture and to maintain it after adverse operating
conditions such as vibration and shock was a major mechanical design
problem.

In the design of this drive mechanism it should be recognized that equal
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increments of cavity length will not produce uniform increments in fre-
quency. The mode chart indicates graphically that a straight-line relation-

ship exists between Uniformly spaced markings on a dial

reading directly in frequency can be realized by the use of such mechanisms
as an eccentric operating on a limited arc. Adjustments are customarily
provided to bring the cavity resonance and dial indication into agreement at
some frequency of test. Frequency departures of the drive mechanism
referred to this point are held commercially to about,one part in 5000.

A pplication of Similitude

Echo box developments have often been undertaken at frequencies where
adequate test equipment was not available. This has been especially true
as the radar art progressed to higher and higher frequencies.

The principle of similitude has been utilized in the construction and test
of models at the frequency of existing test facilities. The models have then
been scaled to the assigned frequency band. This has been found to be a
very practical expedient.

Use of Cavities For Radar Testing

The high Q resonant cavity when appropriately connected to a radar sys-
tem returns to it a signal which may be used to judge the over-all perform-
ance of the radar. Its operation is as follows: During the transmitted pulse,
microwave energy from the radar is stored in the cavity in the electromag-
netic field. The charge of the cavity increases exponentially during this
interval but fails to reach saturation for the cavity by a substantial margin
because the pulse is too short. At the end of the pulse, the decay of this
field supplies a signal of the same frequency as that of the radar transmitter
(when the echo box is in tune) which is returned to the radar receiver as a
continuous signal diminishing exponentially in amplitude.

The time interval between the end of the transmitted pulse and the point
where the signal on the radar disappears into the background noise is the
“ringtime.” The term is used somewhat loosely since, in actual practice,
the ringtime is measured on indicators whose range markings are generally
in miles or yards referred to the beginning rather than the end of the pulse.
The difference, of course, is small. It is customary to include the pulse
length in all ringtime figures on operating radar systems. Typical ringtime
patterns on radar indicators and a schematic of a radar test with an echo
box are shown in Figs. 10 and 11.

As the output power of the radar either increases or decreases correspond-
ing changes in the “charge” of the cavity will be reflected directly in ring-
time changes. Similarly as the noise level of the radar receiver varies the
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merging point of the cavity signal and the noise will show proportional
changes in ringtime. "Hence, the ringtime indication measures these two
factors on which the radar’s ability to discern real targets so largely depends.

The exponential buildup and decay of the charge in the cavity occur at a
rate determined by the working decrement of the cavity. As mentioned
previously, a decrement of about 3 db per microsecond is a satisfactory value
for the 3 kmc and 9 kmc bands. A one microsecond change in ringtime
(roughly one-tenth mile) would, therefore, represent a change in system
performance of 3 db.

Uniformity Control and Expected Ringtime

By introducing an adjustment for the working Q of the cavities it is now
possible to control the uniformity of the manufactured product to very
close limits. Other improvements have also been incorporated which insure
that boxes which have been made alike as to Q will similarly give uniform
ringtime indications on a test radar. If the test sets are all alike as to ring-
time, it is then possible to quote an “expected ringtime” for each of the
various radars to be serviced by the echo box. Initially a measuring tool
indicating relative changes in day to day operation of the radars, the uni-
formity provision with its “expected ringtime” has made the echo box test
set an absolute measuring instrument of moderate precision.

Oilier Uses

In addition to its use as a measure of over-all performance of a radar, a
significant number of diagnostic tests may be performed when trouble de-
velops, which aid in rapidly locating the source. One such test is spectrum
analysis. The extreme selectivity of the high 8cavity permits examination
of the spectrum of the pulsed wave and from this may be deduced charac-
teristics of the pulse, including pulse length. Multiple-moding of the
magnetron circuit is easily shown by this analysis.

The meter of the test set gives a relative indication of the output power of
the radar and this in itself assists greatly in segregating transmitter troubles
from receiver troubles.

Also of importance is the use of the echo box as a frequency meter. The
high Q of the cavity plus the fine control of the drive mechanism and the
direct reading dial give excellent results (comparable to that of a wave-
meter).
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Techniques and Facilities for Microwave Radar Testing*
By E. I. GREEN, H. J. FISHER, J. G. FERGUSON

Methods and devices are described for testing microwave radars in the radio
frequency range from about 500 me to 25,000 me, and at associated video fre-
quencies. In general, the same instruments and techniques are applicable also in
testing microwave communication systems.

Introduction

HAT radars are marvels of ingenuity has long since become common

knowledge. This ingenuity is reflected, however, in complexity of
circuits. A rough index of this is found in the number of vacuum tubes,
which for a single radar may range from 50 to 250. Notwithstanding the
most careful design, it is easy for the radar performance to become impaired
under operating conditions.

Not only is radar complex, but its performance criteria are less tangible
than those of conventional communication systems. Ordinary radio is to
some extent self-testing in that reception of intelligible speech or signals
frequently constitutes a sufficient check of satisfactory performance. With
radar, the greater the range coverage and the more accurate the data, the
more valuable the information is likely to be. However, the working range
may fall to a fraction of the possible maximum or some other degradation
or malfunctioning may occur, with nothing in the operation of the radar to
tell that this has happened. Since lack of maximum performance may have
serious military results, measurement of performance assumes the utmost
importance in radar work.

The new techniques and new frequency ranges employed for radar ne-
cessitated the wartime development of a wide variety of new types of test
equipment. A large part of this development work was concentrated at
Bell Laboratories and at the N.D.R.C.’s Radiation Laboratory at M.I.T.,
working in close coordination with one another and with the technical
services of the Army and Navy. In the manufacture of radar test equip-
ment, Western Electric took a major part. This article discusses the tech-
niques of radar testing and describes the types of test gear developed by
Bell Laboratories and manufactured by Western Electric. These cover
the radio frequency range from about 500 megacycles to 25,000 megacycles,
together .with associated video frequencies.

Because of its importance during the war, emphasis has been placed on

*Presented at A.I.E.E. Winter Convention, New York, N. Y., January 21-25, 1946.
Published by Elec’l. Engg., Trans. Sec., May 1946.
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the testing of microwave radars. However, similar methods and instru-
ments have also been employed in the testing of microwave communication
systems and such applications can be expected to increase. In this situation
the developers and users of microwave communication systems are fortunate
in that almost all of the techniques and devices developed for radar testing
are equally applicable to communication systems. This is even true of the
video units, which are useful in connection with pulse modulated telephone
systems and AM or FM television systems.

So many persons, both within and outside Bell Laboratories, have con-
tributed to the developments described that the authors have reluctantly
reached the conclusion that the assignment of individual credit should not
be attempted.

Requirements
Operation of Typical Radar

Subsequent discussion may be simplified by first reviewing briefly the
operation of a somewhat typical radar, as shown in Fig. 1. Under the con-
trol of d.c. or so-called video pulses from the modulator, short pulses of radio
frequency energy are delivered by the magnetron transmitter to a highly
directive antenna, ordinarily arranged to scan a section of space. Energy
reflected from an object or “target” in the path of the beam is intercepted
by the same antenna. The received pulses or echoes are converted to an
intermediate frequency by heterodyning against a local oscillator, the
frequency of which may be automatically controlled.

To enable the same antenna to serve for both transmitting and receiving,
a TR tube or transmit-receive switch is usually provided. This consists
of a partially evacuated resonant cavity containing a spark gap which breaks
down during the transmitted pulse, thus preventing the transmitted power
from injuring the sensitive receiver. An RT tube, consisting of a similar
resonant cavity and spark gap, may be provided to prevent absorption of
the received signal by the transmitter. After amplification and detection
of the received signal, the resultant video pulses are applied to an indicator
which may present information in any of several different ways. Cus-
tomarily the direction of the target (determined by antenna orientation)
and its range (determined by reflection interval, 10.7 microseconds per mile)
are shown. The system may be used merely for searching, or for fire con-
trol, bomb direction, or other functions, with additional equipment as re-
quired.

Types of Tests and Test Sets

Figure 2 shows an early assemblage of radar test equipment for the 10
cm range, initially produced in 1942, which has seen wide usage.
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The more important types of tests required in radar work, either at radar
operating locations or at centralized service points, are: (1) Over-all Per-
formance (Range Capability), (2) Transmitter Power, (3) Receiver Sensi-
tivity, (4) Transmitter Frequency, (5) Transmitter Spectrum, (6) Standing
Wave Ratio, (7) R. F. Envelope, (8) Receiver Recovery, (9) AFC Tracking,
(20) I.F. Alignment, (11) Video Wave Shapes, (12) Range Calibration and
(13) Computer Calibration.

The principal types of test sets required for carrying out the above are:
(1) Signal Generators, (2) Echo Boxes, (3) Frequency and Power Meters
(separate or combined), (4) Standing Wave Meters, (5) R.F. Loads, (6)

Fig. 1—Diagram of typical radar.

Oscilloscopes, (7) Video Dividers and Loads, (8) Range Calibrators, (9)
Computer Test Sets and (10) Spectrum Analyzers. Various auxiliary test-
ing instruments are also employed, including vacuum tube testers, I.F.
signal generators, audio oscillators, flux meters, etc. Before discussing the
above tests and devices individually, some of the requirements for radar
test equipment, especially those resulting from military usage, will be
summarized.

Generality of Application

Radars perform a great variety of functions, including search and sur-
veillance, gun laying and fire control, bomb direction, and navigation. They
are used in the air, on shipboard, and on the ground, in attack and in de-



438 BELL SYSTEM TECHNICAL JOURNAL

fense, in combat zones and in rear areas. To realize the advantages of
different parts of the frequency spectrum, avoid interference, and keep
ahead of enemy countermeasures, it has been necessary for radar to exploit
many different frequency bands and sub-bands. These diversities have

Fig. 2—Early radar test set for 3000 me range—includes signal generator, oscilloscope,
power meter, test antenna and auxiliary units.

bred a multiplicity of types of radar, with a corresponding variety of testing
problems and requirements.

Maintenance and testing of radars must be performed at many different
locations. In the Army these locations, known as echelons, include (a)
the operating unit, (b) central service points, either fixed or mobile, for a
number of operating units, and (c) large depots either in the military theatres
or in the United States. Navy maintenance and testing are carried out on
board the fighting ships or auxiliaries, and at advance and overhaul bases.
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In developing test equipment, an offhand approach might have been to
provide specialized equipment for testing each radar under specific condi-
tions. Since this would have made the total burden of development, manu-
facture and field maintenance well nigh intolerable, a coordinated plan was
followed whereby (with minor exceptions) each test set was made capable
of widespread application in testing as many radars under as varied condi-
tions as possible.

Broadbanding

Generality of application required the designing of test equipment for
broad frequency bands, bands as a rule much wider than those of the radars
themselves. It was necessary, therefore, not only to develop new micro-
wave testing techniques, but to advance the art still further to render the
testing components as far as possible insensitive to frequency.

Precision

A radar itself is an instrument of considerable precision. The test equip-
ment used for checking the radar performance in the field has to have still
higher accuracy. It is noteworthy that the measuring accuracy realized
throughout the microwave range is comparable with that obtainable at
lower frequencies where many years of background exist.

Packaging—Size and Weight

Light weight and compactness are of paramount importance where a
test set has to be carried any distance by the maintenance man, where it
is used in cramped quarters in a plane, truck or submarine, or where it has
to be taken up ship ladders or through small hatchways. To permitportable
use under such conditions, the design objective was established of a weight
not exceeding about 30 Ibs. (exclusive of transit case), combined with a rug-
gedness adequate for all conditions of use. Through rigorous attention to
both mechanical and electrical design, this objective has been realized (in
many cases with considerable margin) except for a few sets intended prima-
rily for bench use. Figure 3 illustrates the use of lightweight test equipment
in maintaining airborne radars.

Environmental Influences

Military usage requires that the test equipment be capable of efficient
operation at any ambient temperature between a minimum of the order of
—40° to —55° C and a maximum of the order of +65° to +70° C, as well
as at any relative humidity up to 95%. In addition the set must withstand
continued exposure to driving rain, dust storms and all other conditions en-
countered in tropical, desert or arctic climates. Often the test set in its
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transit case must be capable of submergence under water without ill effects.
Fungus-proofing with a fungicidal lacquer is a standard requirement.
Simplicity, Reliability, Accessibility

Not only must the functioning of the test set be reliable, stable and trou-
ble-free, but the set must make minimum demands for special skill or tech-

Fig. 3—Portable units used in checking airborne radars at Boca Raton, Fla.

nique on the part of the maintenance man. Access for maintenance pur-
poses, while important in radar test sets, is not as controlling as in the radars
themselves and sometimes has to be sacrificed in part for compactness.

Ruggedness

For general application, the test equipment must be capable of with-
standing airplane vibration, the shock of heavy guns, depth charges and
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near misses, and the combinations of shock and vibration connoted by the
requirement of “transportation over all types of terrain in any Army vehi-
cle.” Test and experience have made it possible to translate these general
requirements into two specific requirements, namely the ability to withstand
(1) vibration at frequencies from 10 to 33 cycles per second with -y ' excur-
sion for 30 minutes in each of three axes and (2) the shock produced by a 400
Ib. hammer falling through distances of 1, 2 and 3 ft. in each of three axes,
and striking an anvil to which the set is attached. These requirements
have been met without using shock and vibration mounts, which are unde-
sirable in test sets because they increase size and weight.

Range Capability

The range capability of a radar, like that of any radio system, depends
upon three things; the transmitted power, the loss in the medium, and the
minimum perceptible received signal. Two of these can be combined by
taking the ratio of the radiated signal to the minimum perceptible received
signal. This ratio, ordinarily expressed as a level difference in db, is vari-
ously termed the *“system performance,” “over-all performance” or merely
the “level difference.” It may be determined by separate measurement of
transmitter power and receiver sensitivity, or by a single overall measure-
ment. With the powers and sensitivities commonly employed in radar,
the level difference is of the order of 150 to 180 db.

The actual range that can be spanned for a given performance ratio varies
considerably. For a given transmitted power, the echo power received by
a radar theoretically varies inversely as the fourth power of the range. The
reason for this is simple. In free space the power intercepted by a target
which is small in comparison with the area of the radar beam in its vicinity
will vaiy according to the inverse square of the distance from the radar.
Similarly, that fraction of the energy reflected from the target which is
intercepted by the receiving antenna will vary as the inverse square law.
Since the received power involves the product of these two factors, the rela-
tion becomes:

Pr = A'gq or, R = 1)

where P tand Prrepresent, respectively, the transmitted and received power,
P the range and K a constant determined by antenna design, character of
target, etc.

Under operating conditions considerable departure from the above rela-
tionship may be experienced, due to such factors as (1) the curvature of the
earth, (2) interference between the direct beam and single or multiple re-
flections, and (3) attenuation due to atmospheric absorption. Except under
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conditions of severe attenuation such as may occur at the very short wave-
lengths, the received power commonly varies somewhere between the inverse
fourth power and the inverse 16th power of distance. To state it another
way, the change in effective range is somewhere between the fourth and
the sixteenth root of the change in system performance. The former condi-

Fig. 4—Effect of reduction in system performance on radar range.

tion might hold for high angle plane-to-ship search in clear weather, the
latter for ship-to-ship search in fog. The loss of range resulting from a given
degradation of system performance is shown for 4th, 8th and 16th root laws
by the curves of Fig. 4. Whatever the propagation law, reduction in per-
formance always means loss of range.

Field surveys have shown that when test equipment is not available or
not used, radars in the field are likely to give no more than | to j of the
maximum range of which they are capable. Hence it is necessary to know
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with good accuracy the over-all performance. Known, or so-called stand-
ard, targets have often been used in the field for checking performance.
Because of wide variations in transmission due to many factors, results
obtained from such targets are frequently misleading.

Signal Generators

Signal generators for radar work deliver one or more different types of
test signals, which may serve a variety of functions. More important among
these functions are tuning or alignment of the radar components (TR and
RT boxes, converter, beat oscillator, AFC, etc.), measurement of receiver
sensitivity, checking TR and receiver recovery, measurement of loss, detec-
tion of frequency pulling, check of AFC following, measurement of IF band-
width, check of automatic range tracking, measurement of-standing wave
ratio and check of video “gating” circuits. Many signal generators include
means for measuring the power and frequency of the test signal, and also of
an incoming signal.

Types of Signals

The test signals delivered by a signal generator may be CW, pulsed, or
frequency-modulated. Occasionally square wave or sine wave modulation
is provided.

Pulsed signal generators deliver a succession of single RF pulses or pulse
trains, either of these generally synchronous with the pulses of the radar
under test. Multivibrator or trigger techniquesl are used to generate the
pulses for modulating the microwave generator. The trigger pulse for
synchronizing the pulsing circuits is commonly produced by rectifying RF
pulses from the radar transmitter, thus avoiding a separate video connection
to the radar. To avoid possible difficulties in video response, the RF test
pulses should be of comparable width to those of the radar under test. For
observing the test signals, either the radar indicator or an auxiliary oscillo-
scope may be used. With the single pulse method, provision is usually
made for varying the delay of the test pulse with respect to the radar pulse.
The width of the test pulse may also be adjustable or variable.

If the frequency of the signal generator is swept over a sufficiently wide
frequency band, the IF output of the radar traces the curve of IF selectivity,
thus producing a kind of pulse. With a suitable rate of frequency sweep,
this pulse becomes comparable in width to the transmitter pulse, and when
synchronized with the radar it can be used for test purposes. Since the
pulse is produced in the radar, comparison of the shapes of receiver input
and output pulses is not possible. The nominal duration of the pulse in
the IF output is

T= Bly ()
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where B is the width of IF band in cycles per second (for this purpose con-
veniently measured between 6 db points) and 7 is the speed of frequency
sweep, in cycles per second per second. For best results this nominal width
should be similar to the width of transmitter pulse for which the IF and
video circuits are designed. This means that the scanning speed should be
in the neighborhood of B22.

A CW input of the same frequency as the transmitter produces in the
output of the IF detector merely a direct current to which the video amplifier
and radar indicator do not respond. However, CW test signals may be
utilized by observing on a d.c. meter (built into the radar or separate) the
change produced in detector current or converter current.

Receiver Sensitivity

Just as in radio, the sensitivity of a radar receiver is defined as the mini-
mum received signal that is perceptible in the presence of set noise.* At
microwave frequencies atmospheric disturbances are usually negligible, so
that unless accidental or deliberate interfering signals are present, the
operating sensitivity is the same as the intrinsic sensitivity of the receiver.

Receiver sensitivity is commonly stated as the minimum perceptible signal
power in db referred to a milliwatt, (abbreviated as dbm). In practice,
the receiver sensitivity depends upon the noise figure of the converter, the
conversion loss, and the noise figure of the IF amplifier. If an RF amplifier
is used, as is the practice at lower microwave frequencies, its noise figure is
likely to be controlling. By noise figure in each case is meant the noise
power in comparison with the thermal noise. The thermal noise in watts
delivered to a load is kTB, where k is Boltzmann’s constant, T is absolute
temperature in degrees K, and B is the frequency bandwidth. Thus for a
4 me band at 25° C the thermal noise is —108 dbm. With good design the
over-all receiver noise is of the order of 10 to 15 db higher than thermal noise.
The minimum detectable signal is usually not equal to the receiver noise but
depends on the type of indicator, particularly on whether the presence of an
echo is indicated by spot deflection or spot modulation.

With a CW signal generator, receiver sensitivity is measured by deter-
mining the minimum input power necessary to produce a perceptible change
in meter reading. This affords a satisfactory relative measure of receiver
performance, but since the radar indicator usually permits better visual
discrimination against noise, the minimum input as read with the meter
ordinarily differs from the minimum pulse input for barely discernible indica-
tor response.

*The term noise is commonly used even though the disturbances are observed on a
cathode-ray screen.
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RF Oscillators

Beat oscillator lubes for radars deliver (with sufficient decoupling or isola-
tion to prevent undue frequency pulling) a power of the order of milliwatts.
This power being adequate for most test purposes, such tubes are well
adapted for use as signal generators.

Throughout the greater part of the microwave range, reflex velocity-
modulated tubes,2both the type with built-in cavity (Pierce-Shepherd) tuned
mechanically or thermally, and that with external cavity (McNally) tuned
by plugs, vanes or adjustment of dimensions, have been used. The former
is more convenient for general use but the latter usually permits wider fre-
quency coverage. Oscillation occurs when the repeller voltage is adjusted
so that the round trip transit time corresponds to an odd number of quarter
wavelengths. Ordinarily there are several different ranges of repeller
voltage, corresponding to different numbers of quarter waves, each of which
supports oscillation over a range of frequencies, called a mode of oscillation.
Pulsing or frequency modulation is accomplished by applying a pulse or
sawtooth wave to the repeller.

At the longer microwaves, a triode with closely spaced electrodes, or
so-called “lighthouse” tube3 has been employed in a tuned-plate tuned-
grid oscillator of the positive grid type. Two coaxial lines, conveniently
placed one inside the other, provide the tuning, with the feedback through
interelectrode capacitances supplemented by loop coupling. The inner
cavity (between plate and grid) controls the frequency of oscillation, while
the outer cavity (between grid and cathode) provides a suitably high grid
impedance. Mechanical arrangements are provided for tracking the tuning
of the two cavities over a wide frequency range.

Some Design Principles

Standard signal generators which have been employed in the past for
measuring the sensitivity of radio receivers usually deliver a known voltage
across a low impedance. This voltage is applied in series with a dummy
antenna to the receiver under test. In the microwave range this technique
is inconvenient, and signal generators are designed to deliver test power on
a matched impedance basis. Receiver sensitivity is stated in terms of
power (dbm) instead of volts.

The components of a signal generator or other test unit are commonly
arranged along a microwave transmission line. The wave guide type of
line possesses certain advantages over a coaxial line in affording a lower
loss, facilitating attenuator design as discussed in a subsequent section, etc.
Hence the wave guide type of line is used in test equipment for those wave-
lengths where its size is not excessive, i.e. from about 4,000 me upwards, and
coaxial line for lower frequencies.



Fig. S—Block diagram of TS-35A/AP signal generator.
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A major problem in the design of microwave signal generators is the
provision of shielding adequate to reduce leakage signals due to unwanted
couplings or stray fields well below the minimum signal required for receiver
testing. This minimum level may be as low as —70 or —80 dbm, depending
on the coupling loss in the test connection.

A Pulsed and FM Signal Generator

To illustrate the functioning of a signal generator, there is shown in Fig. 5
a block schematic of a design (Army-Navy type TS-35A/AP) which covers
a 12% frequency band in the vicinity of 9000 me. An RF connection to the
radar is established with a wave guide flange coupling. The frequency and
power of the radar transmitter are measured by means of a coaxial-type
frequency meter and thermistor power measuring circuit as described in
subsequent sections. The attenuator and pad are adjusted to reduce the
incoming average power to about 1 milliwatt, which gives a suitable deflec-
tion on the indicating meter. The thermistor is mounted across the wave
guide.

An RF pulse train is employed in many tests. To produce this the RF
oscillator output is modulated by a multi-vibrator which pulses continuously
except when being synchronized. Synchronizing pulses are derived by
crystal rectification of the RF pulses from the radar transmitter. The result
is an initial RF pulse of 7 microseconds followed by an off period of about
10 microseconds followed by a train of RF pulses each 2 microseconds wide
and recurring ever}7 8 microseconds until resynchronization occurs at the
next radar pulse.

Using the pulse train, the radar system components can be tuned for
maximum sensitivity by maximizing the signal on the indicator. To check
receiver sensitivity the CW power is first adjusted so that a power of 1
milliwatt is delivered to the pad and attenuator. Then with the set in the
pulsed condition the amplitude of the test signal is adjusted by means of
the attenuator and pad until the signal on the radar indicator is barely
discernible. It is necessary for this test that the frequency of the test
signal be equal Ig the magnetron frequency. The frequency meter is
provided as part of the signal generator for this purpose.

The receiver recover}7, i.e. the time required by the receiver to recover
after disablement by the transmitter pulse, determines the minimum range
at which a radar can be used. With this test set the receiver recovery
characteristic is indicated by the amplitude of the test pulses in the interval
immediately following the transmitter pulse.

The set is also adapted to serve as an FM signal generator. A sawtooth
wave applied to the repeller gives a succession of frequency sweeps, each
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about 20 me wide, and lasting about 6 microseconds. With this frequency
modulated signal the width of receiver response may be observed on a
Class A oscilloscope (i.e. one showing signal amplitude vs. time). However,
with non-adjustable IF strips such measurement is seldom required. Failure
of the radar AFC to follow frequency changes due to antenna scanning or
other causes is indicated by a change in the indicator presentation. Pulling
of the magnetron frequency due to changes in load impedance can be de-
tected by turning off the AFC.

Signal Generator Designs

Designs of signal generators developed for the military arms during the
war are interesting as landmarks of progress. The signal generator of the
IE30 test set, deliveries of which began in May 1942, delivered pulsed RF
signals in the 10 cm range, using sine wave synchronization. Following
only three months later was the signal generator of the Army IE57A and
Navy LZ test sets (Fig. 6), which covered a then very broad frequency band
of 20% in the vicinity of 10 cm, and was designed to be triggered by the
incoming RF pulse from the radar instead of by a separate synchronizing
connection. This set and a redesigned version of it have seen wide usage
in testing Army, Navy and Marine Corps radars.

Delivery of a test set for the 3 cm range, designated TS-35/AP, started
in the fall of 1943. This set furnished both a train of pulses and a train of
I'M signals, both of which features have proved valuable. It covered a 9%
frequency band with no tuning adjustment except for the oscillator. An
improved design known as TS-35A (see Fig. 6) covered a 12% band.

Progress in reducing the size and weight of the test units is indicated by
the fact that the IE30 signal generator weighed 121 Ibs., IE57 74 Ilbs,,
whereas TS-35 and TS-35A weigh approximately 30 Ibs.

Frequency Measurement

Usually a radar need not operate at a precise frequency. Accurate
measurements are required in the field, however, to keep the operating
frequency within limits, to set the local oscillator, to check the measuring
frequency, etc. In the laboratory, accurate frequency measurement is
fundamental.

I'requency measurement in the microwave range is ordinarily accom-
plished By (1) a resonant coaxial line or (2) a resonant cavity, generally
cylindrical. These types are illustrated in Fig. 7. Sometimes a combina-
tion of the two, referred to as a hybrid or transition type resonator, is em-
ployed. The measurement is actually one of wavelength, with the scale
calibrated in frequency or a conversion chart provided. Some specific
designs of frequency meters are shown in Fig. 8.
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Fig. 7—Types of frequency meters.

Fig. 8—A group of frequency and power meters designed for various bands in
frequency range 500 to 20,000 me.
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Coaxial Wavemeiers

A coaxial wavemeter is formed of a section of coaxial transmission line of
small enough diameter so that only the coaxial mode (in wave guide nota-
tion TMo, o, ii) can exist. Usually the line is short-circuited at one end and
open at the other, in which case resonance occurs at the odd quarter wave-
lengths X/4, 3X/4 etc.). The open circuit is obtained merely by terminating
the inner coaxial conductor, the continuing outer conductor acting as a wave
guide below cutoff. Sometimes the line is short-circuited at both ends,
giving resonance at the even quarter-wavelengths (X/2, X etc.).

Cylindrical Cavity Wavemeiers

A cylindrical cavity wavemeter is merely a section of cylindrical wave
guide transmission lineawhose length is varied. In order to avoid confusion
with other modes, it is preferable to use the dominant mode (described in

wave guide notation, i.e. the mode with the lowest cutoff frequency.
Hie cutoff wavelength (X,,) of this mode is 1.706D, whereD is the diameter in
meters. For a higher Q it may be necessary to usethe circular elec

mode TEQii‘,,. The cutoff wavelength for this mode is .82D. No useful
purpose is served by using modes with | and m subscripts above unity.
TM modes are often used for fixed frequency cavities, but for variable
cavities TE modes are preferable since these have zero current at the inner
wall of the cylinder and thus obviate moving contact difficulty. If any
mode higher than the dominant one is used, suppression of unwanted modes
may be required.

The accuracy of a wavemeter is dependent on its resolving power. This
m turn depends upon Q, which is an index of the decrement of the resonant
circuit, and is equal to //A/, where A/ is the distance between 3 db points
on the resonance curve.

In a coaxial wavemeter, maximum () for a given inner diameter is obtained
with a diameter ratio of about 3.65 The basic Q of a coaxial wavemeter,
assuming copper of standard conductivity, is roughly6

Qo= 0.042Z? V f ®3)

lhis expression neglects endeffects and hence gives somewhat too high a
value of Q.

The basic ()’s for TEiA,nand TEQ,i,n cylindrical cavity resonators em-
ploying copper of standard conductivity are, respectively,

*TE and TM represent, respectively, transverse electric and transverse magnetic,
the subscripts /, m, n denote, respectively, the number of wavelengths around any
concentric circle in the cross section, the number of wavelengths across a diameter, and
the number of half wavelengths along the length of the cylinder.
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1
Qo = 0.0937 X 1010

A 1+ B”O.826 1 + 0.295%

1
Qo = 0.2762 X 1010

A1+ A2.439 A )

with A = A [ J2= A2—1,and/isin cycles per second.
A

The value of Q which determines accuracy is not the basic Q, but the
loaded or working Q, herein designated QL.

The resolving power of a wavemeter used for measuring a single frequency
can be made considerably better than f/Qi- Waith a sensitive meter it is
readily possible to detect differences less than 1 db, which corresponds to a
frequency interval of f/2Q L.

The required accuracy in a wavemeter is generally absolute rather than a
percentage. Hence increasingly large values of Q1 are required at the higher
frequencies. Thus for a resolution of 1 me, assuming 1 db discrimination,
the values of Q1 required for different frequencies are:

Frequency Q1 Frequency Q1
1.000 me 500 10.000 me 5,000
3.000 me 1,500 25.000 me 12,500

An unnecessarily high value of Q1 has the disadvantage of making it more
difficult to find the desired frequency.

Linearity

The displacement of the coaxial plunger of a coaxial type wavemeter for
resonance is substantially a direct linear function of free space wavelength
and if an ordinary centimeter micrometer drive is used it is possible to read
wavelength differentials directly. Over bandwidths less than 20 per cent,
displacement vs. frequency is also quite linear which is of considerable ad-
vantage for some uses.

For the cavity type wavemeter the displacement is a variable function
of free space wavelength and becomes very non-linear as the cutoff fre-
quency of the guide or cavity is approached. This is evident from the
relation between wavelength in the guide, A, wavelength in free space, A
and cutoff wavelength, Ac:

A
(6)

A cam or mechanical linkage may be employed to obtain a linear scale.
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Frequency Coverage

Increasing the length of a wavemeter is desirable because this gives a
larger mechanical displacement for a given frequency interval. The per-
missible increase is limited, however, by ambiguity with the next lower
mode in going toward the upper end of the frequency scale and with the
next higher mode in going toward the lower end. This means that, if
ambiguity is to be avoided, the ratio of top to bottom frequency cannot
exceed (« + 2)/« for a coaxial line of n quarterwaves. For a cylindrical
cavity resonator the ratio for the 0,1,« mode must be less than n + 1)/n,
the exact limit depending on proximity to cutoff.

Guideposts

The following guideposts are suggested for choosing the type of wave-
meter in the microwave range. Where limitations of size and Q permit,
the coaxial quarter-wave type should be used because of its greater linearity.
If this type is inapplicable, the cavity type with TE\,\,n should be used
unless its Q is inadequate, in which case TEO,i,n should be employed.

Couplings

A loop, orifice or probe may be used for coupling to a wavemeter. Cou-
pling to a coaxial wavemeter is generally effected by a loop placed near a
short-circuited end so as to be in the maximum magnetic field. For coupling
to a cylindrical cavity wavemeter, an orifice in or near the base of the cavity
is usually employed. The coupling to the wavemeter is kept small enough
to avoid serious reduction of loaded Q.

Types of Detectors

Various types of detectors may be associated with a wavemeter, the most
commonly used being (1) a crystal rectifier and microammeter, or (2) a
thermistor bolometer. When a crystal rectifier is employed with a cavity
or coaxial wavemeter a circuit similar to that shown in Fig. 9 is used. Im-
portant items in such a circuit are the “RF by-pass” condenser, and the
“video” condenser. The latter, by providing a low-impedance path to the
video signals, improves rectification efficiency when the input signal is
pulsed. The quarter-wave stub shown in the figure is used when the input
or coupling circuit does not»provide DC and video paths. When the signal
is pulsed at a low duty cycle, high peak currents through the crystal are
obtained even though the average current through the meter is small, and
it is possible to impair or bum out the crystal unless extreme care is taken.
The use of a thermistor, which is self-protecting for large overloads, avoids
this danger. Another expedient is to limit the crystal current to a small
value and employ a video amplifier and oscilloscope.
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Methods of Use

A wavemeter may be used as either a transmission or a reaction instru-
ment. In the former case (Fig. 10a) it is inserted directly in the trans-
mission path, so that substantially no through transmission occurs except at
resonance. In the latter case (Fig. 10b) the wavemeter is coupled to the
transmission path or a branch circuit. Wien the meter is tuned off reso-
nance it presents such a high impedance to the main path that its effect is
negligible. At resonance, however, it offers a lower impedance which
reflects energy in the main line so that less power reaches the detector and

R.F. VIDEO
BYPASS

COND. -I-] COND.

CRYSTAL H
R.F INPUT >-

h v4-
Fig. 9—Crystal detector for pulsed RF signals.

A~ TRANSMISSION.TYPE b. REACTION TYPE

Fig. 10—Types of frequency meter circuits.

a dip in the reading occurs. For most applications the reaction arrangement
is preferable since the power transmitted when the wavemeter is off tune
may serve various purposes. For analysis of frequency spectrum the trans-
mission method is necessary’. This method requires two couplings to the
wavemeter, which lowers the Q as compared with the reaction type.
Drive and Scale

A direct drive with a precision lead screw of the micrometer type is fre-
quently' used. Accuracy' of reading is insured by spring loading to minimize
backlash and by specifying close tolerances for threads and for concentricity
of plunger and cavity'. The scale on a wavemeter must be fine enough to
permit utilization of the resolving power. The conventional micrometer
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type of scale softietimes makes accurate reading difficult in a small compact
meter. Scale mechanisms which have been used include counter types,
clock face or expanded drum types with gearing between vernier and coarse
scales, and a single direct reading scale with divisions arranged in a spiral
for compactness.

Effect of Temperature and Humidity

To minimize the effects of temperature on the accuracy of readings, invar
has been employed for elements whose dimensions affect the wavelength.
For accurate work, the scale reading must be corrected for temperature. A
rough approximation is that the scale reading varies in accordance with the
coefficient of expansion of the metal.

W ater vapor included in the air dielectric of a wavemeter has an appre-
ciable effect on the dielectric constant and hence on the resonant frequency.'
Thus, for example, in going at sea level from 25° C, and 60% humidity to
50° C, and 90% humidity, the scale reading should be reduced by .03%.
Correction can be made by means of a chart, a convenient form of which
has been prepared by Radiation Laboratory.

Calibration

Frequency meters are calibrated against sub-standards which in turn are
calibrated against a multiplier from lower frequencies for which a high order
of accuracy can be obtained. Such multipliers have been made available
at Radiation Laboratory and the National Bureau of Standards. The
accuracy obtained at interpolation frequencies is of course less than at exact
multiples of the base frequency. In the microwave range the accuracy is
believed to be of the order of one part in 100,000.

Power Measurement

There are two needs for power measurement in radar maintenance, namely
(1) in evaluating transmitter performance and (2) in standardizing test
signals. Power output is, of course, only one factor in transmitter perform-
ance, others being (a) frequency and (b) spectral distribution or shape of
RF envelope. Ability to measure absolute power is desirable to permit
interchangeable use of test sets in the field.

Measurement of Pulse Power

The transmitter power as used in Formula (1) is the average power during
the pulse. The relationship of pulse to (long) average power is
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T is the pulse duration in seconds and /r is the pulse recurrence frequency
(P. R. F.) in cycles per second. The product Tfris the duty cycle. (Some-
times the reciprocal of this number is referred to as the duty cycle. The
magnitude is usually such that no ambiguity arises.)

During the early days of radar it was the practice to measure pulse power.
The test equipment was coupled to the radar by a path of known loss. The
RF envelope was derived by means of a crystal rectifier and applied to an
oscilloscope. With the aid of an RF attenuator the level applied to the
crystal rectifier and oscilloscope was held constant. Calibration was ob-
tained by using a signal generator whose output was standardized, prior to
pulsing, with an averaging type of power meter. The procedure was rather
involved, with several sources of possible error. Since it is much simpler
to measure (long) average power, field measurement of pulse power was
soon abandoned. Though the pulse power can be computed from average
power if the pulse width, pulse shape and repetition rate are known, it soon
became the practice to specify field performance requirements in terms of
average power.

Thermistor Porter Meters

A number of devices have been used for measuring average power in the
microwave range. Those suitable for handling the small amounts of power
normally involved in field tests include (1) thermistors, (2) platinum wires
and (3) thermocouples. In each case the RF power to be measured is
absorbed in the measuring element. The measurement consists in observing
the resistance change in the thermistor or platinum wire, or the thermo-
electric voltage from the thermocouple. By analogy with devices used for
measuring minute quantities of radiant heat, either a thermistor or a
platinum wire instrument is sometimes referred to as a bolometer. The
platinum wire device has also been termed a barretter.

A thermistor for microwave power measurement is a tiny bead (about 5
mils in diameter) composed of a mixture of oxides of manganese, cobalt,
nickel and copper, constituting a resistor with a very high negative tem-
perature coefficient.8

The thermistor has a number of advantages for microwave work, namely:
(1) resistance is highly sensitive to change of heating power, which obviates
any need for amplification or a super-sensitive meter, and makes it possible
to use a rugged d.c. meter; (2) reactance is low compared with RF resistance,
which makes it possible to incorporate the thermistor in a power absorbing
termination which matches the impedance of a microwave transmission line
over a wide band; (3) resistance change is the same function of electrical
heating power at any frequency, which permits direct comparison of the
unknown microwave power with easily measurable d.c. power; (4) sensitivity
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to damage and burn-out is inherently low, and added protection results
from impedance mismatch during overload. Because of these character-
istics thermistors have been far more widely used than other detectors for
microwave power measurement. Broad-band thermistor mounts have been
designed to match both wave guide and coaxial transmission lines, the latter
not only in the microwave range but also down to low frequencies. Some
of the test sets specifically intended for power measurement or for combined
power and frequency measurement are shown in Fig. 8.

The change in the thermistor resistance due to RF heating current is
determined by placing the thermistor in one arm of a d.c. bridge. By
noting the d.c. power necessary to balance the bridge with and without RF
power in the thermistor, the magnitude of the RF power may be determined.
For most purposes, however, a direct reading power meter is preferable.
This can be obtained over a moderate range of power levels by employing
an unbalanced bridge. The bridge is balanced for d.c. only and the measure-
ment consists in noting the meter deflection when RF power is added.

The resistance of a thermistor is a highly sensitive function not only of
electrical heating power but also of ambient temperature. For convenient
field measurement, the effect of ambient temperature must be cancelled out
in the indicator circuit so that the indication depends only on RF power.

Water Loads

A method which has been used in the laboratory and factory for measuring
high-level microwave power consists in terminating the RF transmission
line in a water load arranged as a continuous flow calorimeter. This method
can be made quite accurate but is cumbersome. More recent practice is
to terminate the RF line in a solid load of a type described later in this ar-
ticle, and to couple a thermistor power meter to the line by means of a
directional coupler (described below) of known loss. Very close correla-
tions have been obtained between the two methods over the entire micro-
wave band.

Echo Boxes

A device unique to radar testing is a high Q resonant cavity, known as an
“echo box” or “ring box.” The cavity is coupled to the radar transmission
line or antenna as indicated in Fig. 11. During the transmitted pulse,
microwave energy is stored in the cavity. In the period immediately there-
after, energy is returned to the radar over the same path, producing a signal
on the radar indicator. The energy in the cavity builds up exponentially
to an amplitude dependent on the radar power. At the end of the pulse
the returned energy decays exponentially, disappearing into the noise at a
point determined by receiver sensitivity. The time interval between the



458 BELL SYSTEM TECHNICAL JOURNAL

end of the transmitted pulse and the point where the signal on the radar
indicator disappears into the background noise, called the “ring time,”
therefore measures the over-all performance of the radar.

An echo box is a particularly useful instrument for radar testing because
it measures over-all performance directly, because it permits a rapid tune-up,
and because it utilizes the radar transmitter as its only source of power and
therefore can be made extremely portable. Figure 12 shows typical ring-
time patterns on different types of indicators. In actual practice the ring-
time is read in miles on the radar range scale and hence is measured from

the beginning of the transmitted pulse rather than the end. The difference
is unimportant, however, since standard and limiting values of ringtime are
established for operating conditions. It will be noted that the echo box
does not return a true echo to the radar, so that the name “echo box” is not
entirely appropriate.

Types and Uses

Echo boxes are of two general types, tuned and untuned. A tuned echo
box is designed to resonate in a single mode adjustable over the operating
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frequency range. An untuned echo box is a fixed cavity of a size sufficient
to support a very large number of modes within the working range. Tuned
echo boxes are more versatile and more widely used than untuned boxes.

The most common type of tuned echo box is designed for hand tuning.
While other shapes are possible, the most convenient one is a right cylinder
whose length is adjusted by a movable piston. The TEo.i,» mode gives

CLASS A CLASS B
(INTENSITY MODULATION)

(INTENSITY MODULATION)
Fig. 12—Typical ringtime patterns on radar indicators.

maximum Q for a given volume and minimizes the number of unwanted
modes present within the desired band. The value of n is determined by
the desired value of Q (see formula 5). Unwanted modes can be partially
avoided by choice of design parameters. However, for high values of Q,
and especially for broad frequency bands, the suppression of unwanted
modes involves design problems of the highest order.
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As indicated in Fig. 13, a tuned echo box cavity is usually provided with
two couplings. One of these is to the radar pick-up; the other to an attenu-
ating device, crystal rectifier, and meter, which serve for tuning the cavity
and for other purposes. With such an instrument, not only can the radar
be tuned up and its over-all performance determined, but many other tests
can be made, to wit: (1) the setting of the plunger at resonance indicates
the transmitter frequency or wavelength; (2) calibration of the crystal
affords a rough measure of output power; (3) since the Q required for ade-
quate ringtime is so high that the cavity selects only a narrow segment of
the transmitter spectrum, a spectrum analysis can be made by plotting fre-
quency versus ciystal current reading; (4) slow recovery of TR box and
receiver after the transmitted pulse can be detected by noting the behavior
of the ringtime pattern at short ranges as the echo box is detuned; (5)

TO TUNING DIAL
J MECHANISM

. VANE ATTENUATOR

Xr

-X-

Fig. 13—Functional schematic of tuned echo box.

inability of the receiver to recover promptly after a strong signal (the result
of imperfectd.c. reinsertion in the video amplifier or of overloading of the I.F.
amplifier) is indicated by a blank following the end of the ring; (6) improper
pulsing (e.g. double moding or misfiring) can be determined with a class A
oscilloscope; (7) the frequency and power of the local oscillator can be
measured. In tuned echo boxes, requirements for extreme fineness of tuning
control and precise resettability have given rise to interesting problems in
the design of the mechanical drive and indicating mechanism.

In another type of echo box, hand tuning is supplemented by motor-driven
tuning or so-called “wobbling” over a frequency range wide enough to
embrace expected variations in transmitter frequency. Operation is con-
trolled by a single push-button which energizes the motor and actuates the
cavity coupling. Such an instrument may be permanently installed in a
plane and used to check the radar during flight.
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For an untuned or multi-resonant echo box, rectangular shape is con-
venient. The box should be large enough to make it highly probable that
over the operating band one or more modes will be present within any fre-
quency interval of width equal to the main concentration of the transmitter
spectrum. For a given rectangular volume a cube gives the largest number
of modes. The total number of modes up to a frequency of wave length
Xis

N.v = 8.38 F/Xo (8)

where V is the volume. However, because of the cubical shape many dif-
ferent modes tend to coincide in wavelength, a condition referred to as

Fig. 14—A group of echo boxes of various types.

degeneracy. To spread out the modes, the box is made slightly off cube and
one or more corners sliced off. At the longer microwaves the size of box
is determined by tire number of modes, and the size becomes quite awkward.
For the shorter microwaves the size is determined by the required value
of Q. Hence the use of untuned echo boxes has been limited to the fre-
quency range from about 9000 me upwards with sizes of the order of 12 to
24 inches on a side. Even with an extraordinarily high probability of find-
ing modes within the radar band, substantial differences in response are
found for relatively small changes in frequency. Accordingly untuned echo
boxes are more useful for rough tune-up than for precise measurement.

A number of specific designs of echo boxes for different microwave bands
are shown in Fig. 14.
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Q and Ring Time

For satisfactory measurement the ringtime must extend beyond nearby
echoes which would obscure the test signal. For most radars a ringtime of
20 to 30 microseconds (about 2 to 3 miles) has been found satisfactory al-
though considerably higher values have sometimes been provided. Even
apart from echoes, a long ringtime is desirable since this gives a lower decay
rate and a more sensitive measurement.

Computation will show that an extremely high value of Q is necessary
to obtain the desired ringtime. For maximum ringtime the cavity coupling
should be such as to make the working Q (QL about 90 per cent of the non-
loaded Q. Values of working Q which have been provided in different fre-
quency ranges are approximately as follows:

Frequency QL Frequency Q.
1.000 me 70,000* 10,000 me 100,000
3.000 40,000 24,000 200,000

« In this case a higher Q was needed for a long range ground search system.

The difference in performance corresponding to a given change in ring-
time can be determined from the decay rate which is

d — 27.33/Q1 ¢¢»/microsecond 9)

For a given frequency the ringtime is directly proportional, and the decay
rate inversely proportional, to Q. For a given ringtime, the required Q is
directly proportional to frequency.

Accurate measurement of extremely high Q’s is essential in echo box work.
A decrement method, in which a pulsed RF oscillator and oscilloscope are
used to determine the loss corresponding to a known time interval, has
proved most satisfactory.

Spectrum Analysis

The frequency components of a non-repetitive rectangular d-c. pulse may
be determined by well known methods using Fourier integral analysis.
The envelope of amplitudes is of the form (sin x)/x where x = irfT. This
envelope is shown by the right-hand side of the curve of Fig. 15a,/0being
assumed to represent zero frequency. The first zero occurs at the fre-
quency/ = UT.

Similarly the envelope of the spectrum of a rectangular a-c. pulse is given
by the complete curve of Fig. 15a,/ 0in this case being the carrier frequency.
For a non-repetitive pulse all frequencies are present in amplitude as shown
by the envelope. When a stable carrier frequency is pulsed at uniform
intervals and in precise phase relation, only harmonics of the repetition



MICROWAVE RADAR TESTING 463

frequency are present under the envelope. In radar practice conditions
are, as a rule, not sufficiently stable for this to occur.

Because of its bandwidth, an echo box cannot reproduce the ideal spec-
trum envelope of Fig. 15a. Instead the curve for a good spectrum may
resemble that of Fig. 15b, while spectrum irregularities detrimental to radar
performance may be revealed by curves such as those of Fig. 15¢c and 15d.
Broadening of the spectrum is undesirable because less energy falls within
the receiver band. Energy removed from the main concentration may
result from double moding or from the occurrence of a different frequency
during the rise or fall of the pulse. Frequency modulation due to a sloping

»m IDEAL SPECTRUM b  GOOD SPECTRUM
FROM RECTANGULAR PULSE

c. POOR SPECTRUM d POOR SPECTRUM
SHOWING FREQUENCY JUMPING SHOWING WIDE FREQUENCY SPREAD

Fig. 15—Radar spectrum analysis with echo box.

or spiked input pulse produces a non-symmetrical spectrum, not infre-
quently characterized by a high side lobe. Frequency jump in the middle
of the pulse, due to line reflection, may produce two distinct maxima.
Another device widely used for this purpose is the “Spectrum Analyzer”
as developed by Radiation Laboratory, which provides an oscilloscope
presentation of spectrum component amplitudes versus frequency.

Standing Wave Measurements

Theory

The expression for the distribution of current or voltage along a mis-
terminated line of appreciable electrical length yields two terms which
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may be considered as representing two waves transmitted in opposite direc-
tions, one (the incident wave) from the generator toward the load, the other
(the reflected wave) from the load toward the generator. The summation
is a standing wave pattern. The standing wave ratio (SWR) is defined as
the ratio of the wave amplitude at a maximum point (anti-node) to that ata
minimum point (node). If the standing wave ratio is stated as a numeric,
it is necessary to specify whether it applies to voltage (VSWR) or power
(PSWR). Possibility of ambiguity is avoided by stating the ratio in db.

The ratio of the reflected current to the incident current is the reflection
coefficient, here designated as p. The value of the reflection coefficient is
given both in magnitude and phase by

_2o—Z -
p-zT+z (10

where Z0 is thecharacteristicimpedance of the lineandZ is the load imped-
ance. Thereflection coefficient isrelated to thestanding wave ratio as
follows:

VSWR—<r—1_IO or, p_tr+ 1 (112)
Plots of the relationships are shown in Fig. 16.

The reduction of radiated power due to reflection losses in a radar trans-
mission line, while important, is usually less serious than other effects of
impedance irregularities. Since the load impedance reacts on the oscillator
circuit, the frequency and output of most transmitter tubes are quite sensi-
tive to load impedance. If the line is electrically long, so that its impedance
varies rapidly with frequency, marked instability of oscillator frequency
may occur, a condition referred to as “long line effect.”

Since radar transmission lines contain many potential sources of imped-
ance discontinuity, including not only the antenna but a variety of couplings,
bends, wobble joints, rotating joints, switches, etc., measurements of stand-
ing wave ratio are frequently required. The need for such measurements
depends in part on whether the line is “preplumbed” or is provided with
field adjustments.

Devices

Standing waves may be detected and measured by several different types
of devices, including (1) a slotted line, (2) a squeeze section, (3) a directional
coupler and (4) a hybrid T. All of these furnish information on the mag-
nitude of the standing wave ratio. In some cases phase information may
be obtained also, which permits determination of impedance,9 but this
knowledge, while useful in the laboratory, is seldom required in field work.
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A block diagram of an arrangement employing a slotted line for measuring
standing waves is shown in Fig. 17. The oscillator source is commonly
followed by a pad or attenuator to prevent frequency pulling. The slotted
section may be either a coaxial or a wave guide line employing a mode which
is not disturbed by the presence of the slot (e.g. normal coaxial mode; TEi:0
in rectangular wave guide; T M Qii in round waveguide). A traveling pick-up
probe or loop projects through the slot and couples energy from the line
into a detector which delivers d-c. or audio-frequency to the indicator. The

2.0
VSWR (0"
1

8
SWR-db

Fig. 16—Relations in mismatched transmission lines.

probe is moved longitudinally to find points of maximum and minimum field
strength. To avoid distortion of the field within the line, the probe should
be small and should project only a short distance inside the slot. For
accurate results extreme care must be exercised in design and construction
to avoid variation in depth of immersion as the probe is moved. Several
slotted lines employed for standing wave measurements are shown in Fig. 18.

A squeeze section consists of a section of rectangular guide with slots
milled in the center of both broad faces so that the width of the guide can
be varied by external deforming means. This changes the wave length in



Fig. 17—Standing wave measurement.
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the guide, so that maximum and minimum values may be determined by a
fixed probe and indicator.

The use of a directional coupler for standing wave measurement is dis-
cussed in the following section.

Another useful device for standing wave measurement is the “hybrid T”
or “magic T”. This is a sort of microwave bridge, consisting of a main
wave guide to which an E plane branch and an Il plane branch are joined in
the same physical plane. With matched terminations of the two ends of the
main guide, the two branches are conjugate. Terminating one end of the
main guide in the unknown impedance and the other in a matched termina-
tion, the degree of impedance mismatch of the unknown is indicated by the
magnitude of the reflected wave which appears in one branch when energy
is fed into the other.

Directional Couplers

Accurate measurement of transmitter power and receiver sensitivity
requires a coupling path of known loss between the radar and the test set.
The first method employed for this was to place a portable test antenna
(see Fig. 2) in the field of the radar antenna. Depending on the frequency
range, this test antenna took the form of a dipole,10with or without a small
reflector, or an electromagnetic horn.1L With this method it was necessary’
to calibrate the loss of the space coupling path between the two antennas.
Since it proved difficult to locate the test antenna at exactly the same
point and to be sure that the main antenna pattern remained the same, a
separate calibration of the coupling loss was usually required whenever a
measurement was made.

An alternative method was to place a single probe in the radar transmission
line. This introduced another sort of difficulty. Accuracy of measurement
was vitiated by the presence of standing waves which rendered the probe
pick-up a function of frequency and of location with respect to the irregu-
larities. A highly satisfactory answer to the entire problem was found in
a device which is called a directional coupler because it couples only to the
wave propagated in one direction. In its simplest form a directional coupler
consists of two couplings to the main transmission line, which add for one
direction of transmission and cancel for the other. Thus, for example,
Fig. 10a shows a form of directional coupler for wave guide which is placed
in the radar transmission line at the point indicated schematically in Fig. 1e
An auxiliary wave guide is coupled to the main guide through two identical
orifices spaced X/4 between centers (or more generally mAj/4 where n is
an odd integer). Assuming the incident and reflected waves in the main
guide to be directed as shown, and the auxiliary guide to be terminated on



MICROWAVE RADAR TESTING 469

one end, a test circuit connected to the other end will be coupled to the
incident wave, while theoretically the two couplings to the reflected wave
will differ by \/2 and therefore cancel one another.

With such a device measurements may be made of the characteristics
of the incident wave independently of reflections. If tire coupling to the
main line is not too close there is no appreciable effect on the incident wave,
and continuous monitoring can be had. Conversely, test signals applied
through the directional coupler will travel in the main guide in the proper
direction for testing the radar receiver.

If the locations of the termination and the test connection point in Fig.
19a are reversed, the couplings to tire main transmission line are also re-
versed. Such an arrangement therefore permits measurement of the re-
flected power which in turn makes it possible to adjust for minimum re-
flected power and hence for minimum SWR. Comparison of the reflected
power with the direct power determines the SWR. For convenience in
measurement, two directional couplers pointed in opposite directions are
frequently used, the combination being referred to as a bi-directional coupler
(Fig. 19b). One advantage of this arrangement is that the ability to measure
the reflected power from tire antenna and that part of transmission line
beyond the coupler provides means for detecting trouble in that part of the
system. Directional couplers may be applied to any type of transmission
line. Figure 19c shows a simple form of directional coupler for a coaxial
line.

One characteristic of importance in a directional coupler is the coupling
loss. A small value of coupling loss affords increased sensitivity of measure-
ment, while a sizable value is desirable to minimize reaction on the main
transmission line as well as for other reasons. A loss of around 20 db has
usually been found a good compromise. It is now the practice to in-
corporate a directional coupler in every radar to obtain a test connection
point.

Due to unavoidable imperfections, a directional coupler never gives com-
plete cancellation for the undesired direction of transmission. The de-
parture from ideality is indicated by the directivity (also referred to as
front-to-back ratio) which is defined as the scalar ratio of the two powers
measured at the test connection point when the same amount of power is ap-
plied to the main guide, first in one direction and then in the other. For
measurements of the direct wave and of receiver characteristics, a moderate
directivity, of the order of 15 db or better, is sufficient. In measuring re-
flected power, however, the directivity determines the amount of direct
power which appears at the point of measurement and therefore controls
accuracy. The chart of Fig. 20 will facilitate determination of the maximum
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Fig. 19—Directional coupler arrangements.
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error that may occur in measuring different values of SWR with various as-
sumed directivities.

With a simple two-hole coupler, the directivity deteriorates rapidly as
the frequency departs from that corresponding to quarter-wave spacing.

MEASURED VS WR

Fig. 20—Error in standing wave measurements caused by directivity of directional
coupler.

By providing additional couplings suitably spaced, the residuals from
different sets of couplings can also be cancelled against one another and the
directivity versus frequency characteristic can be materially broadened.
With multiple hole couplings a minimum directivity of 26 to 30 db over a
frequency band of 10 to 20% is readily practicable in quantity production,



Fig. 21—A group of microwave directional couplers together with a directional coupler test set.
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and much better values are obtained in the laboratory. Some of the nu-
merous designs of directional couplers developed for association with operating
radars are shown in Fig. 21.

Because they are more convenient than slotted lines and can be made more
accurate, directional couplers have been extensively used for SWR measure-
ment in the laboratory. A number of special arrangements have been
devised to improve both accuracy and convenience. A directional coupler
arrangement which has been provided for field measurement of SWR in the
vicinity of 25,000 me is also illustrated in Fig. 21. In this the direct power
is brought to equality with the reflected power by an attenuator whose dial
is calibrated directly in SWR. A wave guide switch facilitates the power
comparison.

Auxiliaries and Components

RF Loads

An RF load (or dummy antenna) which will absorb the radar power in
an impedance which matches the transmission line is very useful in radar
work. Such a device permits testing the radar in operating condition with-
out actual radiation which might give information to the enemy or interfere
with other radars. It also makes it possible to test the radar in locations
where reflections from the ground or nearby objects would otherwise hamper
or prevent a test. RF loads for microwave work usually consist of a section
of transmission line (either coaxial or wave guide, depending on wavelength)
containing a high-loss dielectric. The impedance of such a load is neces-
sarily low and must be matched to the radar line by tapering the dielectric
over a distance of several wave lengths.10 Moreover, if the line is to handle
high power, tapering over a considerable length is necessary to distribute
the heat.

A coaxial load is preferably tapered from outer conductor to inner con-
ductor, since this both reduces the voltage gradient and facilitates heat
dissipation. A dielectric consisting of a mixture of bakelite, silica and
graphite, molded in place, has been found satisfactory. For wave guides a
ceramic containing carbon may be preformed, with taper in one or two
dimensions, and cemented in place.

Figure 22 shows a number of RF loads developed for different frequency
hands. One of these, TS-235/UP, provides an excellent impedance match
over the frequency range from 500 me to above 3,000 me. When equipped
with a blower designed for uniform transverse ventilation, it will handle a
peak power of the order of 750 kw with a duty cycle of about .001.

Microwave Attenuators and Pads

RF attenuators and pads are cornerstones of microwave testing. At-
tenuators are used to adjust unknown signals to levels suitable for measure-
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Fig. 22—RF loads for different bands in the microwave frequency range.
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Fig. 23—Microwave attenuators.

ment and to obtain the minute test signals required for measuring receiver
characteristics. Pads serve to change levels and to prevent interaction
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between testing components. Microwave attenuators and pads are of
two general types (a) those which employ dissipative elements to absorb
power and (b) non-dissipative devices which introduce propagation or
coupling loss.

For the shorter microwaves the most convenient form of attenuator is of
the dissipative type, employing a strip or vane of dielectric coated with a
resistance material, as for example, carbon-coated bakelite. This is placed
in rectangular wave guide with its plane paralleling the side of the guide.
The attenuation is varied by varying tire depth to which the vane is inserted
in the guide (Fig. 23a) or by changing its position in the guide. A valuable
feature of such attenuators is that the minimum loss can be made substanti-
ally zero. For good impedance match the strip must be tapered. By
using two strips the over-all length of the attenuator can be reduced.
Extremely satisfactory attenuators of this type covering a frequency range
of 8 to 12%, with loss variable from 0 to 35 or 40 db, have been obtained
in the frequency range 4,000 to 24,000 me.

For the longer microwaves, w'here wave guides are inconveniently large,
attenuators of the wave guide-below-cutoff type are very useful. These
consist of a section of round wave guide whose diameter is small compared
with wavelength and whose length is adjusted by telescoping (see Fig. 23b).
The TMO0,i mode has been found very satisfactory, and 77%i has also been
used. Connection is made to the attenuator by a coaxial circuit at each
end, with disk excitation for the TMO0,i mode and loop coupling for TEi,i.
The attenuation formulas are: 122

TMw . A= A (¢¢»/meter (12)

TEi,i. A= y - yrI - (¢¢»/meter (13)

where D = diameter of wave guide in meters. Because of the effect of
other modes when the coupling is close, a minimum loss of 20 to 30 db is
required before the attenuation becomes linear with displacement. The
attenuation differentials are substantially independent of frequency. At-
tenuators of this type present a large impedance mismatch at either end,
the effect of which may be alleviated by padding or by a termination.

Types of pads employed in microwave work include the following:

(1) Flexible coaxial cable, usually with high resistance inner conductor.

(2) Coaxial t with carbon coated rod and discs.

(3) Coaxial with carbon coated rod as inner conductor.

(4) Resistance strip in wave guide.

(5) Directional coupler.
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In calibrating microwave attenuators and pads, comparison with an
accurately calibrated IF attenuator, using a heterodyne test set, has been
found to give excellent results.

RF Cables and Connectors

Flexible RF cables for connecting test equipment to equipment under
test are an important adjunct of field testing. At frequencies of 10,000 me
and below, flexible coaxial cables of about A" over-all diameter with solid
or stranded inner conductor, solid low-loss dielectric (polyethylene) and
braided outer conductor have been used satisfactorily, although in the upper
part of this range special measures have been necessary to prevent attenua-
tion change due to flexure and aging. Over most of this range coaxial jack
and plug connections have been found satisfactory but wave guide connectors
are preferable at the upper end. In the range above 10,000 me, coaxial

NORMAL PULSE
ACRYSTAL

4 .................................. DOUBLE MODINC
RF BYPASS

COND.

PULSE SKIPPING
OR MISFIRING

RF. INPUT

OSCILLOSCOPE FREQUENCY JUMPING
DURING PULSE

Fig. 24—Radar pulse envelopes.

cables of requisite stability have not yet been obtained and rubber covered
wave guide with soldered articulated joints is the best form of flexible cable
now available.

Oscilloscopes

Oscilloscopes are used extensively in radar maintenance (a) for examina-
tion of video waves and (b) for viewing RF envelopes. Satisfactory radar
performance depends on a variety of video wave shapes which may include
trapezoidal or triangular pulses, sawtooth waves, square waves or com-
binations of these. Observation of these wave shapes, supplemented if
necessary' by measurements of amplitude and duration, helps in diagnosing
many troubles.

Examination of the envelope of the RF pulse is a convenient but less
informative alternative to spectrum analysis. The envelope should be a
clean, single trace of good shape. Figure 24 shows traces sometimes experi-
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enced. Double moding, i.e., oscillating at different frequencies on different
pulses, is shown by a double trace. Frequency jumping during a pulse is
shown by a break in the envelope. Misfiring gives a base line under the
envelope. Other abnormalities in tire RF envelope may result from in-
correct video wave shape. Observation of the RF envelope requires a
rectifier, usually a crystal, together with a suitable video amplifier. Since
limitation of the scope to video functions permits general application to
radars of all frequencies, the rectifier is generally provided externally.

The oscilloscopes available before the war did not meet the requirements
of radar. Fast sweeps were necessary to permit viewing of pulses ranging
from several microseconds to a fraction of a microsecond. Amplifiers were
required for such pulses with low phase and amplitude distortion over a
broad frequency band. Existing methods of synchronizing and phasing
sweeps were also inadequate. The progress of the oscilloscope art during
the war is illustrated in the successive designs of field test oscilloscopes
shown in Fig. 25.

The BC910A oscilloscope, gotten out as a “stop gap” not long after the
attack on Pearl Harbor, incorporates fast sweeps and broad-band amplifica-
tion. Following close upon this was the BC1087A (Navy code CW60AAY)
which replaced sine wave synchronization by a start-stop sweep triggered by
the incoming pulses. This feature made it possible to superpose the erratic
pulses produced by spark wheel and similar pulsers and at the same time
avoided external synchronizing connections. A valuable feature conjoined
with the start-stop sweep was a delay network in the main transmission path
which gave the sweep time to start before the pulse reached the cathode-ray
tube. This oscilloscope in original and modified form has seen wide service
in all theaters. However, its weight of more than 60 pounds was a handicap
for many uses.

Further advances in oscilloscope circuitry and in weight limitation re-
sulted in TS-34/AP, weighing only 25 pounds. This combined the short
pulse features of the previous design with those; of the conventional oscillo-
scope for viewing slower waves. A schematic diagram is shown in Fig. 26.
A redesign, coded as TS-34A/AP, incorporated variable start-stop sweeps
and improved mechanical design. These two oscilloscopes, TS-34 and TS-
34A, were produced to a total of some 12,000 and universally used by all
branches of the service for both radar and radio testing. Toward the end
of tire war the trend toward shorter pulses, coupled with the need for precise
measurement of wave amplitude and duration, led to a new design, TS-
239/UP, which embodied wide advances over TS-34A in performance and
versatility but with an increase in weight.

In association with different oscilloscopes, other video devices have been



Fig. 25—Test oscilloscopes for viewing wave forms in radars. Left to right:'BC-910-A (1942), TS-34A/AP (1944) and TS-239/Up (1945).
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employed. The amplitude of pulse applied to the magnetron is thousands
of volts. To derive a voltage suitable for application to the oscilloscope, a
voltage divider of the condenser type is used (TS-89/AP). Suitable video
terminations, dividers, and loads, sometimes of high voltage and power
capacity, are required to obtain proper test conditions and provide con-
venient test points (TS-98/AP, TS-390/TPM-4, TS-90/AP, TS-234/UP).
Originally a high-impedance connection to tine oscilloscope was effected by
a single-stage amplifier unit (BC1167A), but a simple divider type of probe
was later found more satisfactory for this purpose.

Fig. 26—Block diagram of TS-34/AP and TS-34A/AP oscilloscopes.

R ange Galibration

Types of timing circuits used for radar range determination include (a)
multi-vibrators, (b) coil and condenser oscillators (generally without but
sometimes with temperature control) and occasionally (c) quartz crystal
oscillators. The first two depend for their accuracy on condensers, re-
sistances, coils and other elements which are subject to error due to aging,
temperature, humidity, mechanical damage and the like. Nor is the quartz
crystal oscillator wholly immune to error. Consequently, portable range
calibrators are required for field maintenance.
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TS-102A/AP (Fig. 27) and its predecessors TS-102 and TS-19 are pre-
cision calibrators which have been extensively used for checking a large

-d W -

Fig. 27—Block diagram of TS-102/AP and TS-102A/AP range calibrators.

Fig. 28—Two test sets for checking the computers used in bombsight and fire control
radars.

number of different airborne bombing and gurilaying radars and shipborne
fire control and search radars. These sets deliver accurately spaced marker



MICROWAVE RADAR TESTING 481

pulses, derived from a quartz crystal oscillator, for checking the radar range
pulses. A trigger pulse derived from a multi-vibrator synchronized with the
quartz oscillator is also provided for actuating the radar timing circuits.
With certain radars the calibration procedure requires an oscilloscope as well.
Extreme stability of marker pulses, better than £.02 microsecond, is ob-
tained. A stop watch is included in these sets for checking rate of change
in range.

Less precision is required in range calibration of search radars. For this
purpose the TS-5/AP calibrator provides marker pulses of ], 1, 5 or 10
nautical or statute miles, derived from a coil and condenser oscillator with
closely controlled temperature coefficients. This calibrator is designed to
be triggered by the radar or some other external source.

Computer Test Sets, E tc.

A number of radars are equipped with computers which receive the data
on location of target and its direction and rate of change, together with
essential related information on such factors as wind velocity, ground speed,
altitude, etc., and deliver the solution of the ballistic problem in the form
of a voltage which releases bombs, points the guns or serves other purposes.
Means for checking the accuracy of these computing devices are generally
required. The type of test set needed depends upon the computer design,
which has taken different forms according to the nature of the problem and
the state of the art.

Two types of computer test set are shown in Fig. 28. TS-158/AP, de-
signed for use with certain airborne bombing radars, furnishes to the com-
puter a signal representing a target approaching at known speed and checks
the accuracy of bomb release. TS-434/UP, designed for several airborne
and ground radars, is an accurate instrument for determining the voltage
ratios at various points in a computer and thus checking its performance.

Conclusion

More than 200 different designs of test sets were developed during the
war by Bell Laboratories to meet the exacting requirements of radar field
maintenance. These differed radically from previous art. Outstanding
features were portability, precision and generality of application. The
large number of designs is due partly to the varied functions of radar and to
the varied conditions of use. Largely, however, it results from the fact
that the frequency band that can be handled in any one set is limited,
whereas many frequency ranges and subranges had to be covered in all.

Altogether more than 75,000 radar test sets were manufactured by
Western Electric Company and these were used in all theatres of war by the
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United Nations forces. The production rate at tire end of the war exceeded
5,000 testsets a month. In numerous cases, moreover, small preproduction
quantities of test equipment were built on a “crash” basis for special mis-
sions and for training purposes. The test equipment produced for the field
had to be more precise than the radars, and the equipment used in the factory
and laboratory to test the field test equipment had to be still more precise.
Trends of development at war’s end were toward (a) further broad-band-
ing, simplification and precising, and (b) coverage of new frequency ranges.
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Performance Characteristics of Various Carrier Telegraph
Methods

By T. A. JONES and K. W. PFLEGER

This paper describes laboratory tests of certain carrier telegraph methods, to
determine their relative advantages from the standpoints of signal speed, and
sensitivity to level change, carrier frequency drift, interchannel interference, and
line noise.

Introduction

OST of the carrier telegraph methods mentioned below are well

known,1@'34'6 but the selection of the best method for a particular
application is difficult without comparative tests on specific designs. It is
the purpose of this paper to record data taken during such tests and to ex-
plain the results so that they may be helpful to those concerned with the
selection of the optimum method for a given set of requirements.

The conclusions here reached regarding methods of telegraph transmis-
sion do not necessarily apply to transmission of sound, pictures, or television,
because their requirements differ. In telegraph transmission it is important
that signal transitions be received at approximately the correct times, and
wave rounding is permissible.

Computations for a square cut-off band-pass filter with zero phase distor-
tion6show that the shape and duration of the transient in the received wave
are about the same for a sudden transition in both on-off and frequency-shift
arrangements (explained in the next section), when the total frequency shift
is not more than half the channel width. As telegraph distortion depends
largely upon the transient, one might therefore infer that, if the transients
are about alike, there is no particular advantage in frequency-shift over the
on-off method as far as signal speed is concerned. However, the computa-
tion for the idealized filter gives no assurance that a physical filter will per-

1H. Nyquist: “Certain Topicsin Telegraph Transmission Theory”, A.l1. E. E. Trans.,
Vol. 47, pp. 617-644, April 1928.

2H. Nyquist and K. \V. Pfleger: “Effect of Quadrature Component in Single Side-
band Transmission”, Bell System Technical Journal, Vol. NIX, pp. 63-73, Jan. 1940.

3E. Il. Armstrong: “Methods of Reducing the Effect of Atmospheric Disturbances”,
Troc. I. R. E., Jan. 1928, pp. 15-26.

1J. R. Carson: “Reduction of Atmospheric Disturbances”, Proc. I. R. E., July 1928,
pp. 966-975.

5F. B. Bramhall & J. E. Boughtwood: “Frequency Modulated Carrier Telegraph
System”, Electrical Engineering, Vol. 61, No. 1, Jan. 1942, Transactions Section, pp. 36-39.

8Fig. 3 of H. Salinger: “Transients in Frequency Modulation”, Proc. I. R. E., August
1942, pp. 378-383.
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form thus. In order to investigate this experimentally, as well as other
factors that concern the choice of method, the effects on telegraph transmis-
sion of interchannel interference and of varying the signaling speed, trans-
mission level, mean carrier frequency, and line noise, were determined for
several different methods, using the same channel filters. In order to test
the two-band methods* using the same frequency range occupied by the
one-band arrangements, narrow-band filters would be required to divide the
frequency range into two parts. Since such filters were not available, it
was necessary to use two adjacent frequency bands each similar to that used
with the on-off method. However, some tests were made of a two-band
arrangement using somewhat narrower filter pass bands.

A special wide-band frequency-shift arrangement using filters of about
twice the band width of the other frequency-shift arrangement, was tested
mainly in order to observe the effect of band width on sensitivity to noise
and interference.

In all of the noise tests, thermal or resistance noise was used. W ith noise
of the impulse type it is possible that somewhat different results would have
been obtained, but it is believed that the difference would not have been
great.

Conclusions

A study of the test results leads to the following conclusions which apply
for the conditions assumed, and which are thought to be of general applica-
tion, except for modifications which may be made necessary by future tech-
nical advances:

1. There is no important advantage in frequency-shift carrier telegraph
over the on-off method as used in the Bell System for stable, quiet cir-
cuits, either wire orradio. However, the frequency-shift method shows
some improvement in operating through noise. The frequency-shift
method has disadvantages as regards complication and cost. Further-
more, it may be seriously affected by carrier frequency drift and
interchannel interference, although the effects of these can be mitigated
to some extent by special devices.

2. For high-frequency radio transmission over long distances, which is
subject to comparatively severe non-selective fading, a great advantage
is realized from the use of frequency-shift telegraphy with a fast receiv-
ing limiter instead of the conventional “continuous wave” or on-off
method. For satisfactory operation it is still necessary that the signal
level be kept sufficiently higher than the noise level in the transmission
band.

*See the section entitled “Explanation of Terms”.
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3. Single-sideband telegraphy has an advantage of providing somewhat
higher speeds without increasing the band width. Whether it holds
much promise for any general application in multi-channel systems
utilizing narrow bands and moderate signal speeds is questionable in
view of certain difficulties. For a single-channel high-speed circuit,
single-sideband telegraphy might be found worth while from the stand-
point of economical use of the frequency spectrum.

4. Certain other arrangements tested possessed some characteristics which
have advantage under particular conditions. For example, two-band
arrangements may sometimes be conveniently obtained by combining
existing on-off arrangements. These two-band arrangements are capa-
ble of furnishing high-grade service over radio circuits subject to severe
fading. The use of a single source of carrier instead of two sources on
a two-band arrangement results in a substantial transmission improve-
ment. .The performance then is comparable to that of a single-band
frequency-shift channel occupying the same frequency space.

A more complete discussion of the results is given under the heading

“Summary of Results”, at the end of this paper.

E xplanation of Terms

The following is intended to explain what is meant by certain terms used
in this paper. They apply specifically to carrier telegraph operation in the
voice range but, in general, they could also apply to radio telegraphy. (It
will be appreciated that various other combinations of the instrumentalities
involved in the present discussion could be used.)

Channel

A telegraph channel is a path which is suitable for the transmission of
telegraph signals between two telegraph stations. In the present discussion
the term “channel” is restricted to mean one of a number of paths for simul-
taneous transmission in different frequency ranges as in carrier telegraphy,
each channel consisting of an arrangement of carrier telegraph equipment
designed for the transmission of one message at a time, in only one direction.

On-0Jf Method

This, the most common form of amplitude modulation, is the same as
“continuous wave” in radio telegraphy. It is a method of signaling over a
channel utilizing a single carrier frequency, normally located at the center of
the transmission band of the channel filters. The presence of carrier current
on the line corresponds to the marking condition of the channel, and its
absence, to the spacing condition. A Fourier analysis of the line current
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during signaling would show a steady carrier frequency component and sub-
stantially symmetrical upper and lower sideband frequency components.

Single-Sideband Method

This is similar to the method just described except that: (1) the carrier
frequency is located near one boundary of the channel fdters, so that during
signal transmission one of the sidebands is attenuated much more than the
other before the signals reach the line, and (2) during the spacing condition,
carrier current may be either absent from the line, or present with amplitude
less than that of marking current. (The latter condition tends to reduce
that part of the distortion which is due to the quadrature component.2)

Frequency-Sliift Method

This is a method of signaling over a channel utilizing a carrier current of
substantially constant amplitude from a frequency-modulated oscillator.
The carrier current has no phase discontinuity and its instantaneous fre-
quency varies between two limits within the transmission band. In the
present discussion the two limits, symmetrically located in the transmission
band, correspond respectively to the marking and spacing conditions of the
channel. Variation of the instantaneous frequency may be abrupt or grad-
ual, for example, sinusoidal. Throughout this paper the reader should
assume that the variation is substantially abrupt except where otherwise
indicated. At the receiving terminal the variable frequency signals are
converted toamplitude-modulated signalsby means of a frequency detector.

Two-Source Method

This is also a frequency-shift method, but it differs from that described
above in that it is made up by combining two on-off channels, each supplied
with carrier current of a different but substantially constant frequency from
a separate source. In the present discussion each of the two on-off channels
has a separate oscillator and occupies a different frequency band on the same
line, and the sending relays of the channels have their operating windings
differentially inter-connected so that one oscillator delivers current to the
line during marks, and the other during spaces. Thus the marking and
spacing signals are confined to separate frequency bands on the line. This
is sometimes referred to as two-band operation. The switching takes place
abruptly. No attempt is made to control the phases of the two sources.
Therefore phase discontinuities are likely to occur at the instants of switch-
ing, causing brief transients of varying shapes in the line current. The out-
put circuits of the two receiving detectors are differentially interconnected
to obtain polar signals for the operation of a common receiving relay.
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One-Source Two-Band Method

This is also a frequency-shift method, and is substantially the same as the
two-source method except that a single frequency-modulated oscillator is
used at the sending end instead of two oscillators, and thus there is no phase

discontinuity in the sent signals.

~20

(B) "WIDE BAND" "NARROW BAND"

-300 -250 -200 -150
FREQUENCY IN CYCLES PER SECOND (FROM MIDBAND)

Fig. 1—Loss characteristics of channels tested, including sending and receiving
filters and two repeating coils.

These methods will be more clearly understood from the following descrip-
tion of apparatus.

Apparatus
Channel Filter Characteristics

In Fig. 1, curve A represents the loss vs. frequency characteristic of the
majority of channels used in the tests, including both sending and receiving
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filters and associated repeating coils. The two-source arrangements each
occupied two such bands with midbancl frequencies spaced 170 cycles apart,
except in the case of the narrow-band two-source arrangement which occu-
pied two bands 'having characteristics similar to curve C with midband
frequencies spaced 120 cycles apart. Curve B represents the loss vs. fre-
quency characteristic of the wide-band frequency-shift arrangement, having
approximately twice the band width of curve A. These characteristics were
all measured between 600-ohm terminations, without adjacent channel
filters present.

On-OJf Terminal Apparatus

Figure 2 shows in block form the different circuit arrangements tested,
together with the location of the carrier frequencies in the transmitted bands.
In the on-off arrangement, the oscillator transmitted 1955-cycle current to
a modulator which contained a polar telegraph relay controlled by signals
from the local sending loop. During spacing signals this relay short-cir-
cuited the carrier supply, and during marking signals it allowed the carrier
current to flow through the sending band-pass filter to the adjustable resist-
ance line.

When it was desired to measure the effect of interference from other chan-
nels working in adjacent pass bands, their terminal equipment was added by
connecting the line sides of their sending or receiving filters to the common
sending or receiving bus (See dashed lines designated “bus” in Fig. 2), so
that all the channels would transmit over the same line.

After the carrier signals passed through the receiving filter connected to
the output of the line, they were converted by a detector-amplifier into direct
current for operating a polar receiving relay, which, in the absence of incom-
ing signals, was held on its spacing contact by local biasing current. The
receiving relay contacts transmitted into the local receiving loop.

Single-Sideband Terminal Apparatus

In testing the single-sideband arrangement shown in Fig. 2, the terminal
equipment of the on-off arrangement was used and the carrier frequency was
placed 43 cycles above midband, at 1998 cycles. In some of the tests the
modulator was modified to transmit during spacing intervals a carrier cur-
rent 6 db below its marking value. Since the loss in the receiving filter was
greater at the edge of the band than at the center, it was necessary to in-
crease the gain of the linear detector-amplifier in order to have the same
change of current in the line winding of the receiving relay of the single side-
band arrangement as in the on-off arrangement. A further increase in the
detector-amplifier gain was necessary when the single-sideband arrangement
was operated with spacing carrier 6 db below the marking carrier.
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Frequency-Sliift Terminal Apparatus

In most of the tests on the frequency-shift arrangement shown in Fig. 2,
the oscillator frequency was caused to vary abruptly by a relay modulator.
The sending relay was of the same type as used in the on-off arrangement and
varied the tuning capacity of the oscillator. For some other tests the fre-
quency variation was made more gradual by converting the sent signals into
polar signals and passing these through a low-pass Filter in order to round the
wave so that the pulses had an approximately sinusoidal shape during
reversals and attained steady-state value only at the center of each pulse.
These polar signals were used to control the plate resistance of either of two
diodes, thereby connecting a positive or negative reactance across the tuned
circuit of the oscillator.5 This caused the oscillator frequency to be either
increased or decreased in proportion to the amplitude change of the control
current. During most of the tests the spacing frequency was 1920 cycles
and the marking frequency was. 1990 cycles, both equally spaced from the
midband frequency, 1955 cycles. The oscillator, when on marking fre-
quency, was set to produce one milliwatt into the 600-ohm resistance artifi-
cial line.  After passing through the receiving filter connected to the output
of the artificial line, the signals entered a limiter (unless otherwise stated)
delivering an output current which was practically constant for input levels
between —55 and +25 dbm. From the limiter the signal passed into a
frequency discriminator circuit having two output branches, each of which
was connected to a diode detector tube followed by a low-pass filter. wThe
two discriminator branch circuits in combination with their detectors and
low-pass filters had output amplitude vs. input frequency characteristics of
opposite slopes. After differential recombination of the two low-pass filter
outputs, the resultant characteristic was linear over the range of fundamental
frequencies transmitted by the limiter. The differentially recombined wave
in the final d-c amplifier had an amplitude substantially proportional to the
instantaneous deviation from the average value of the received carrier fre-
quency over a range of =b 70 cycles. (Some calculations by one of the
writers indicate that the use of discriminators of this type is helpful in
reducing characteristic telegraph distortion.) In most of the tests the low-
pass filters associated with the detector output had a cut-off frequency (about
503 cycles) low enough to suppress the carrier but high enough not to affect
the telegraph transmission. The final d-c amplifier was substantially linear
and increased the d-c wave to a suitable value for operating the polar receiv-
ing relay.

The wide-band frequency-shift arrangement was similar to that just de-
scribed, except for the change in filters and tuning of the sending oscillator
and the discriminator. The spacing frequency was 2055 cycles and the
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marking frequency was 2195 cycles which were equally spaced from the
midband frequency, 2125 cycles. In this arrangement a limiter was always
used at the receiving terminal. The discriminator was adjusted to be
linear over twice the frequency range of the previously described discrimina-
tor, and the slope of the new discriminator characteristic was adjusted to give
the same marking or spacing output as before. The wide-band frequency-
shift arrangement was also tested with low-pass filters associated with the
detector outputs which had a cut-off frequency (about 58 cycles) low enough
to give a distortion vs. speed characteristic close to that obtained on the
normal-band frequency-shift arrangement. The loss of each of these low-
pass filters was about 10 db at 58 cycles. Since each filter consisted of only
one section the cut-off was gradual.

Two-Source Terminal Apparatus

The sending circuits of the two-source arrangement shown in Fig. 2 in-
cluded separate oscillators of different frequency for marking and spacing
signals. Two sending relays were operated in synchronism by the signals in
the sending Ipop. The relay contacts were so connected that marking car-
rier was transmitted to a marking band-pass filter and spacing carrier was
cut off from a spacing band-pass filter, or vice versa. Thus either the
marking or the spacing carrier frequency was transmitted to the line at
any instant. At the receiving end of the line the incoming signals flowed
through two receiving filters, one passing the marking current and the other
passing the spacing current. When a limiter was not used, the outputs of
these filters were connected directly to separate amplifiers, detectors and
low-pass filters. The rectified marking and spacing signals were combined
differentially, passed through a push-pull d-c amplifier, and operated the
receiving relay just as in the frequency-shift arrangement. When a limiter
was used the outputs of the receiving filters were recombined and passed
through the limiter, after which they were again separated by means of
additional band-pass filters whose losses were about half those of the receiv-
ing band-pass filters. The two-source arrangement was tested both with and
without limiter when the loss characteristics of the spacing and marking
paths were each similar to curve A of Fig. 1and had midband frequencies of
1785 and 1955 cycles, respectively.

The two-source arrangement with limiter also was tested with filters
having loss characteristics for the spacing and marking paths each similar
to curve C of Fig. 1, and having midband frequencies of 1980 and 2100
cycles, respectively. This arrangement occupied a frequency band approxi-
mately 12/17 that used for the two-source arrangement with filters having
characteristics similar to curve A.
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0/One-Source Two-Band. Terminal Apparatus
0

The one-source two-band sending circuit was similar to that of the fre-
quency-shift arrangement with relay modulator, except that the frequency
shift was 170 cycles, and the marking and spacing frequencies were adjusted
to be at the centers of the pass bands of the marking and spacing sending
filters, as shown in Fig. 2. The receiving circuit was the same as that used
for the two-source arrangement. A limiter was always used.

Telegraph Transmission Measuring Apparatus

In all of the tests, the d-c open-'and-close signals in the local sending loop
were substantially rectangular and consisted either Qf reversals (a succession
of alternate marks and spaces of equal duration) or of the test sentence: the
QUICK BROWN FOX JUMPED OVER A LAZY DOG’S BACK 1234567890 BTL SEND-
ING. The customary 7.42 unit teletypewriter code was used, consisting of a
stop pulse, a start pulse, and five code pulses per character7. The distribu-
tors supplying these signals were driven by synchronous motors controlled
by an adjustable frequency oscillator. The speeds utilized experimentally
ranged from 60 to 180 words per minute (about 23 to 68 dots per second).

In order to measure the telegraph distortion of the signals obtained in the
receiving loop, a cathode-ray tube distortion measuring set was used which
measured maximum total distortion in per cent of a unit pulse in much the
same manner as a start-stop distortion measuring set previously described8,
except that electronic circuits were used to replace the distributor and all
but one relay, which made possible precise measurements over a wide range
of speeds. The bias of received signals was measured on reversals by means
of a highly damped zero-center d-c milliammeter inserted in the receiving
loop.

Source of Resistance Noise

In order to measure the effect of line noise, resistance noise was reproduced
from a phonograph record, amplified, and combined with the carrier signals
by means of a symmetrical three-way pad (part of the artificial line). A
variable attenuator was used to regulate the amount of noise entering the
line. The r.m.s. noise power or marking carrier power was measured with a
thermocouple.

M easuring Precision

The signals generated by the dot and test sentence distributors were dis-
torted less than 3 per cent of a dot length.  As these distributors were of a

7E. F. Watson: “Fundamentals of Teletypewriters Used in the Bell System”, Bell Sys.
Tech. Jour., Vol. XVII, Oct. 1938, pp. 620-039.

8R. B. Shanck, F. A. Cowan, S. T. Cory: “Recent Developments in the Measurement
of Telegraph Transmission”, Bell Sys. Tech. Jour., Vol. XV III, Jan. 1939, p. 149.
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commercial type, they are believed to be representative. This distortion
was erratic, depending upon the speed and wear of brushes and commutators.
The distortion measured at the receiving relay could not be corrected by sub-
tracting the distortion of the sent signals because during miscellaneous
signals maximum distortion in the received signals might occur on a different
transition from that in the sent signals. The small errors which existed in
the sent signals are therefore believed to have been neither serious in their
effect on the measured distortion, nor the sole cause of irregularity in the
data.

The accuracy of the distortion measuring set itself was in the order of 1per
cent, as determined by measuring known amounts of bias in signals sent from
a special distributor. Usually two observers took independent readings
which were required to check closely or the observations were repeated. The
average of the two observations was taken as the final measurement.

Although the line loss was constant in these tests, amplifiers, oscillators,
power packs, and telegraph batteries were subject to slight voltage varia-
tions. Precautions were taken to reduce all variables as far as was practica-
ble, yet it seems likely that the telegraph transmission measurements may
be slightly in error due to such variations.

The individual sources of error mentioned in the last three paragraphs
seem reasonable and sufficient to account for most of the irregularities in the
following curves of telegraph transmission vs. speed. Yet it did not seem
fair to draw smooth curves and neglect the irregularities, because these can
also be due to the telegraph system itself, as was found by careful and re-
peated measurements. For example, it is known that relay performance is
erratic and depends upon the speed. Chattering of relay contacts and
periodic vibration of the armature have appreciable effect upon the distor-
tion and can cause irregularities in distortion vs. speed characteristics,
particularly at the higher speeds. Furthermore, such irregularities may not
be wholly reproducible in repeated measurements due to changes in the relay
temperature or contact surfaces and due to the occasional readjustments of
relays. Another cause of irregularities in a distortion vs. speed characteristic
may be the lossand phase characteristics of the channel filters. For example,
consider an ideal transducerlwhich is distortionless at a speed s near the
cut-off. It is also distortionless at speeds such as s/2, s/3, s/4, s/5, etc. At
intermediate speeds distortion may exist, so that a curve of distortion vs.
speed would show irregularities with minima at these optimum speeds.
(Some computations by one of the writers for a frequency-shift arrangement
using idealized filters show irregularities in the distortion vs. duration curve
for a single dot.) No attempt was made to shape the channel filter charac-
teristics to be perfect!}' distortionless at a particular speed; and it seems
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reasonable that there could likewise be a number of speeds where maxima
and minima occur in the distortion.

It is practically impossible to sift out and measure all causes of irregulari-
ties in a reasonable time. Therefore the irregularities have been shown
exactly as measured in all the following curves wherein noise and interchan-
nel interference were absent.

Transmission fluctuations due to the causes just mentioned were small
compared to those encountered when strong interference or noise was pres-
ent, because the latter varied greatly with time. In resistance noise, for
example, peaks of great amplitude occur occasionally, although most of the
time the fluctuations are relatively minor. It was necessary to observe for
several minutes the distortion measured in the presence of resistance noise
before one could be sure of finding anything approaching the maximum dis-
tortion; and the longer the period of observation, the greater was the peak
distortion. In order to complete the testing in a reasonable time, watching
periods were restricted to five minutes per observer and his maximum distor-
tion reading was recorded. The results of two such observation periods for
the same noise condition were averaged to determine a point for an experi-
mental curve of distortion vs. noise-to-carrier ratio. Such points when
plotted failed to lie in a perfectly smooth curve, but a smooth curve disre-
garding irregularities was drawn through the available points in what was
estimated to be the correct location. The curves are described under the
heading “Noise Tests” and may be used for comparison purposes, butare
not an exact measure of the worst distortion to be expected over a long
period of time. A similar procedure was followed for distortion measure-
ments with interchannel interference.

Distortion vs. Speed Tests

The distortion mentioned throughout this paper is the absolute value of
the maximum total distortion measured with the test sentence, and for
brevity is merely called distortion. Except where otherwise specified, the
arrangements were previously adjusted to have zero bias on reversals at the
same speed. In these tests line noise and interchannel interference were
absent.

Fregnency-Shift Arrangements
Limiter

Some preliminary measurements on a frequency-shift arrangement having
the loss characteristic of curve A of Fig. 1, with carrier varied abruptly from
1920 to 199,0 cycles, showed that the limiter has little effect on the speed of
the channel whether or not channel filters are used. The fact that low dis-
tortion was measured without channel filters indicated that the channel and
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measuring devices were in good condition as far as could be reasonably ex-
pected over the range of speeds. The distortion measured without channel
filters ranged from 2.5 per cent at 60 w.p.m. (23 d.p.s.) up to 10 per cent at
170 w.p.m. (65 d.p.s.).

Sluing

Some measurements were made on the complete frequency-shift arrange-
ment over the same range of speeds, using several values of abrupt frequency
swing from + 15 cycles to + 55 cycles, keeping the marking and spacing
frequencies equidistant from 1955 cycles. With a swing of + 55 cycles the
distortion was slightly worse than when the swing was £ 35 cycles. The
measurements showed least distortion for a swing of + 15 cycles. It has
been previously shownOthat the less the swing the smaller the amplitude of
the oscillations in the transient for a given channel frequency band width.
Accordingly one might expect distortion to be least when the swing is least.
If only a small swing is used the signal bias change with carrier frequency
drift is worse, unless automatic bias compensation is provided. Greater
amplification is also required in the detector-amplifier in order to maintain
the same relay operating current. A swing of £ 35 cycles was used in most
of the frequency-shift tests as a good compromise between the distortion
caused by the greater swings and the severe apparatus requirements and
greater susceptibility to noise when using the lesser swings.

Types of Modulator

Figure 3 shows distortion characteristics of a frequency-shift arrangement
using different types of modulator. Curve A was measured with sinusoidal
frequency variation obtained by the use of a diode modulator and low-pass
filter at the modulator inputs. When the low-pass filter was omitted, the
frequency variation was substantially abrupt, and curve B was obtained.
When the diode modulator was replaced by a relay modulator, which also
produced a substantially abrupt frequency change, curve C resulted. There
is not much difference between these characteristics at low speeds. At high
speeds the abrupt frequency variation appears to give somewhat lower dis-
tortion than sinuosidal variation. The distortion shown by curve A depends
not only upon the speed and channel filter characteristic but also upon the
characteristic of the low-pass filter used in rounding the sent wave in order
to produce sinusoidal frequency variation. A considerable amount of care
was necessary to prevent this low-pass filter from introducing too much dis-
tortion and at the same time to produce sufficient rounding. The cut-off
frequency of this low-pass filter was adjusted at each signaling speed to be
about three times the dot frequency. It was apparently low enough to
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Fig. 3—Distortion vs. speed characteristics of normal-band frequency-shift
arrangements, using two different types of modulator.
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cause some characteristic distortion. No attempt was made to obtain an
ideal distortionless filter characteristic because it would have been necessary
also to take into account the characteristics of other parts of the circuit,
which would have required considerably more time than was then available.
Curves D and E of Fig. 3 show that the modulators caused very little distor-
tion when channel and low-pass sending filters were absent.

Band Width

Figure 4 shows a comparison of the distortion vs. speed characteristics of
the normal-band and wide-band frequency-shift arrangements when a relay
modulator was used. Curve A of Fig. 4 is the same as curve C of Fig. 3 and
shows the characteristic of the normal band arrangement. Curve C of Fig.
4 shows the characteristic of the wide-band arrangement when the low-pass
filters at the detector output were the same as for the normal-band arrange-
ment, their cut-off frequency being about 503 cycles. The distortion shown
in curve C is much lowfcr than that of curve A since the width of the side-
bands transmitted was doubled. Curve B of Fig. 4 shows the characteristic
of the wide-band arrangement when the low-pass filters at the detector out-
put had a cut-off at about 58 cycles. As previously indicated, the latter
cut-off was selected in order to give the wide-band arrangement about the
same distortion vs. speed characteristic as the normal-band arrangement.
The reason for the use of the lower cut-off is explained under the heading
“Noise Tests”.

Comparison of Frequency-Sliift and On-Off A rrangements

Figure 5 is a comparison of the distortion vs. speed characteristic of the
frequency-shift arrangement having a relay modulator (curve B), with
characteristics of two on-off arrangements having commercial receiving cir-
cuits9, 0eu. The 40B1 detector had no level compensator and included a
triode detector having an output vs. input characteristic which roughly
followed a square law. The other detector had a slow acting level compen-
satorll designed to eliminate receiving bias due to slow changes in line
equivalent. The output vs. input characteristic of this detector was much
steeper than that of the 40B1 arrangement at the transition points of the
signals The level compensated arrangement was adjusted at each speed to

P. Hamilton, H. I\fly quist, M. B. Long and \V. A Phelg;, “V0|oe Frequency

Carrler Tele'%lagh or Cables”, Jour, ALl E. E., XLI 3, Mar. 1925
atte: Advances in Carrier Telegraph Transmlssmn B S. T.

XI)ﬁAEJ 161-208, Api

Separate pape rdescrlbln a commercial system usmf%an improved level compensator

isnowin preparatlonb other Bell emauthors The function of the level compensator

is to vary the gain of he receivin arrpllfler-detcctorsoasto automatically corPensate

for relatively slow level changes. also: V. P. Thorp: “ALevel Com risator for Car-
Zg_rll'gelegraph Systems”, Bell Laboratories Record, Vol. XVITI, No. 2, October 1939, pp.
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have zero bias while transmitting the test sentence because the characteristic
of the level compensator was such that reversals could not be used to adjust
for zero bias of the received signals. The distortion vs. speed characteristics
of the level compensated on-off and 40B1 arrangements are given by curves
A and C, respectively, in Fig. 5. This figure indicates that at high speeds the
frequency-shift arrangement is subject to somewhat greater distortion than
the on-off method.

It may be argued that Fig. 5 is not a fair comparison between frequency-
shift and on-off methods because of the difference in detector characteristics.
In order to overcome this objection an experimental on-off arrangement was
set up utilizing a linear detector and the same receiving relay as in the fre-
quency-shift arrangement. The effective operating ampere-turns in the
255A receiving relay were kept the same for both frequency-shift and linear
on-off methods of transmission. The line winding current varied from about
10 mils during spacing signals to 50 mils during marking signals, and the
biasing winding current tending to move the armature toward spacing was
about 30 mils for the on-off arrangement. The effective relay operating
current in the frequency-shift arrangement was +20 mils in the marking
condition and —20 mils in the spacing condition.

The distortion measurements are shown in Fig. 6. In order to compare
frequency-shift with the linear on-off arrangement, consider curves A and B
of Fig. 6. There is not much difference between them, but the frequency-
shift characteristic shows slightly higher distortion over part of the speed
range, as in Fig. 5.

In these tests the channel losscharacteristic used was that of Fig. 1, curve A.

Two-Source and One-Source Two-Band Arrangements

The same linear detector, receiving relay, and effective relay operating
current were used for these two-band arrangements as for the frequency-shift
arrangement. Curves C, D, and E of Fig. 6 show the speed characteristics
of various two-source and one-source two-band arrangements in which the
marking and spacing paths had loss characteristics similar to curve A of Fig.
1. Curve C of Fig. 6 applies to the arrangement using two oscillators and
no limiter and does'not differ greatly from the characteristic for the on-off
method, curve B. Curve D applies to the arrangement using two oscillators
and limiter, and shows greater distortion than curve C because of modulation
products arising in the limiter between the sidebands of the marking and
spacing carriers. This type of interference was due to discontinuities in
phase of the carrier wave at the signal transitions, and was eliminated by
the use of a frequency modulated oscillator in place of the two independent
oscillators, as indicated by curve E.  The latter is somewhat similar to curve
C on Fig. 4 measured on the frequency-shift arrangement with the wide
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Fig. 5—Distortion vs. speed characteristics of frequency-shift and non-linear
on-off arrangements.
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Fil 6—Distortion vs. speed characteristics of frequency-shift, linear on-off, two-
source and one-source two-band arrangements.
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band, except that the distortion at the higher speeds is greater with curve E
of Fig. 6 because sideband components in the middle portion of the total
frequency band were considerably attenuated by the channel filters of the
one-source two-band arrangement, but not by those of the wide-band fre-
quency-shift arrangement. The distortion vs. speed characteristic of the
two-source arrangement having paths with loss characteristic similar to
curve C of Fig. 1, is shown by curve F of Fig. 6. The large distortion is due
to the narrower sidebands transmitted and to the combined use of two inde-
pendent oscillators and a limiter, the effect of which is discussed above.

Single-Sideband A rrangement

The same linear detector, receiving relay, and effective relay operating
current were used for the single-sideband tests as for the linear on-off tests.

An ideal single-sideband arrangement should operate at twice the speed of
the on-off arrangement for the same pass band, if the quadrature component2
is eliminated. The cost of a phase discrimination method of receptionlfor
this purpose would probably be prohibitive in practice. If the quadrature
component is allowed to remain, it is a principal cause of distortion, so that
the single-sideband method gives only a slight increase in speed. The effect
of the quadrature component on telegraph distortion can be reduced2by the
transmission of a certain amount of spacing carrier current. Curve B of
Fig. 7, measured with a spacing current 6 db below the marking current,
shows less distortion than curve A of Fig. 7, measured with no spacing cur-
rent; and, in the range of speeds investigated, does not differ greatly from
curve C, taken on the linear on-off arrangement without channel filters.
Thus, itisapparent that the single-sideband arrangement is capable of higher
speeds, for a given distortion and band width, than the other arrangements
here considered.

Tests of Carrier Frequency Variations

When a carrier telegraph circuit contains a radio or carrier telephone link,
some instability may occur in the average received carrier frequency. In
order to investigate the effect of varying the mean carrier frequency, the
carrier supply frequency was varied as a matter of convenience. Since the
signals were transmitted through both sending and receiving channel filters
the effects observed were doubtless about twice as bad as if only the received
carrier frequency had been varied, except perhaps in the frequency-shift
arrangements where the discriminator produced a large effect.

Distortion at 60 Words per Minute

In Figs. 8 and 9, the distortion obtained over the various arrangements is
shown as a function of carrier frequency variation from the nominal value,
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when the speed was 60 w.p.m. The marking and spacing frequencies of the
two-source, one-source two-band, and frequency-shift arrangements were

SIGNAL SPEED IN DOTS PER SECOND
25 30 35 40 45 50 55 60 65

SIGNAL SPEED IN WORDS PER MINUTE

Fig. 7—Distortion vs. speed characteristics of single-sideband arrangements and
on-off arrangement without channel filters.

both varied by the same amount from their normal values without changing
their relative separation. It is evident from Fig. 8 that the arrangements
ranked in the following order as regards the permissible carrier frequency
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variations when the distortion was about 20 per cent: two-source without
limiter on a par with two-source with limiter, one-source two-band with
limiter, level compensated on-oil, linear on-off, frequency-shift, and single-
sideband with —6 db spacing carrier. This comparison includes only those
artangements using the same type of filter (with loss per curve A, Fig. 1).
Figure 9shows the results obtained by making similar tests on the wide-band
frequency-shift (with loss per curve B, Fig. 1) and on the narrow-band two-

(DEPARTURE FROM NOMINAL VALUE)

Fig. 9—Distortion vs. mean carrier frequency characteristics of narrow-and wide-
band arrangements at 60 w.p.m. (23 d.p.s.).

source arrangements (with loss per curve C, Fig. 1). The distortion curves
for the wide-band frequency-shift arrangement in the latter figure are more
favorable than the curve for the normal-band frequency-shift arrangement
shown in Fig. 8 because the wide-band arrangement had a discriminator with
only half the slope of that used in the normal-band arrangement. The wide-
band arrangement with the higher cut-off low-pass filter could tolerate a
greater change in carrier frequency than the arrangement with the lower
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cut-off low-pass filter because of the steeper wave front of the signals deliv-
ered by the former low-pass filter, resulting in a lower signal bias when the
detected amplitudes of the marking and spacing signals differed.

When the average carrier frequency of a two-source arrangement was
varied, the marking and spacing frequencies moved toward one side of their
respective pass bands. As they approached the cut-off frequencies of the
band-pass filters, telegraph distortion occurred due to suppression of the
carrier and adjacent components. The narrow-band two-source arrange-
ment was more sensitive to variation in the average carrier frequency than
the normal-band two-source arrangement, and the reason is obvious.

Bias at 60 Words per Minute

When tested with reversals at 23 d.p.s. (corresponding to 60 w.p.m.), the
arrangements also ranked in the same order from the bias standpoint as from
the distortion standpoint, as the mean carrier frequency was varied. In
Figs. 8 and 9 the distortion due to carrier frequency variation consisted
mainly of bias, except in the two-source arrangements, where the received
marking and spacing pulses were substantially equal on reversals so that
there was little bias. (Bias measurements referred to here and below have
not been shown graphically in order to save space.)

The on-off, two-source, and one-source two-band arrangements were
fairly insensitive to carrier frequency variations since the loss vs. frequency
characteristics of the channel filters changed but slowly near the middle of
the transmission band. Since the frequency-shift arrangement had a dis-
criminator which was sensitive to frequency changes, drifting of the average
carrier frequency resulted in a rise in detected current in one half ofthe push-
pull detector and a reduction thereof in the other half, thus causing serious
bias in the differentially combined rectified waves, since no frequency com-
pensator was provided. It is outside the scope of this paper to describe such
a compensator, but it is no more complicated than the level compensator
used with an on-off arrangement. In the single-sideband arrangement the
carrier was located at a point on the filter loss vs. frequency characteristic
where the slope was steep. Consequently small frequency changes produced
large amplitude variations in the operating current of the receiving relay.
Since there was no compensating change in the biasing current of the relay,
large bias variations resulted from small changes in carrier frequency.

Distortion at 120 Words per Minute

Figures 10 and 11 give distortion for the arrangements at 46 d.p.s. or 120
w.p.m. when the mean carrier frequency was varied. The arrangements
ranked in the following order when the distortion was 20 per cent: two-source
without limiter, two-source with limiter, linear on-off, one-source two-band,
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level compensated on-off, frequency-shift, single-sideband with —6 db spac-
ing carrier.

In both Figs. 8 and 10 there appears to be considerable difference between
the distortion vs. carrier frequency characteristics of the two-source and
one-source two-band arrangements with limiter. The two-source arrange-
ment was better for large carrier frequency variations, and the one-source
two-band arrangement was better for small carrier frequency variations.

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
MEAN CARRIER FREQUENCY IN CYCLES PER SECOND (DEPARTURE FROM NOMINAL VALUE)

Fig. 11—Distortion vs. mean carrier frequency characteristics of wide-band
frequency-shift arrangements.

The difference between the performance of these two arrangements was
partly due to interference between sidebands in the two-source arrangement
as previously mentioned, and partly due to the difference in the sending
arrangements used. In the case of the two-source sending arrangement
shown in Fig. 2, the sidebands of the marking and spacing paths were sepa-
rated by the sending filters, and a small shift in carrier frequency affected
each branch similarly, and relatively little bias or distortion resulted. In
the case of the one-source two-band method also shown in Fig. 2, the side-
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bands of the marking and spacing frequencies were not completely separated
by the sending filters and a shift in carrier frequency affected the two sets of
sideband components dissymmetrically, thus jcausing bias and distortion.

Bias at 120 Words per Minute

The bias resulting from carrier frequency change in the various arrange-
ments at 46 d.p.s. or 120 w.p.m. was in general worse than at half this speed
because the received wave shape was more rounded. The distortion due to
carrier frequency variation, as shown in Figs. 10 and 11, consisted mainly of
bias, except in the two-source arrangements, as explained above.

Other Considerations Relating to Single-Sideband Arrangement

The single-sideband arrangement with —6 db spacing carrier was found to
have the lowest distortion at high signal speeds. Consequently it was
thought desirable to study this arrangement further in order to see what
might be done to improve its stability during carrier frequency variations,
and to select an optimum location for the average carrier frequency. First,
curve A of Fig. 12 was plotted showing the distortion at 160 w.p.m. resulting
from a change in carrier frequency. Then it was assumed that a level com-
pensator might be provided. In order to simulate the effect of such a device
without actually constructing one, the line loss was adjusted manually to
keep the r.m.s. marking carrier power constant at the receiving filter output.
Curve B of Fig. 12 shows an improvement in the change in distortion vs.
carrier frequency under this condition. Large variations in bias still per-
sisted in spite of level compensation, due to variations in shape of the
envelope of the received carrier signals caused by various amounts of quad-
rature component and sluggish in-phase componentldepending on the loca-
tion of the carrier frequency. In order to simulate the effect of a level com-
pensator providing automatic bias adjustment, the relay bias current was
adjusted to give zero receiving bias at each setting of the carrier frequency,
and also the receiving filter output was maintained at a constant value as
before. The results are given by curve C in Fig. 12 which shows a consider-
ably increased tolerance to carrier frequency changes when the arrangement
was stabilized in this manner. This curve indicates that the carrier fre-
quency could be increased about 17 cycles before the distortion started to
increase rapidly, and could be reduced about 5 cycles before a gradual in-
crease in distortion began to appear.

It has been shown that for a certain ideal filterl a suitable location of the
carrier frequency for the single-sideband method is at a point either at the
upper or lower side of the band where the loss is 6 db with respect to that in
the middle of the band. It can be demonstrated that the envelope of the
received wave is the same when the carrier frequency is set at either of these



CAMilEli TELEGRAPH METHODS 509

locations, if the filter characteristic is symmetrical about the midband
frequency, if the pass band is narrow, and if the carrier frequency is high
compared to the dot speed, as in the arrangement tested. Consequently
there was no point in duplicating measurements for carrier locations at the
lower edge of the band except perhaps to discover the second order effect of
slight asymmetry in the channel filters. 1998 cycles is at the right-hand 6
db point of the filter characteristic given by curve A of Fig. 1; and as there
is not much choice in the region from 5 cycles below to 17 cycles above this

-45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20
CARRIER FREQUENCY IN CYCLES PER SECOND (DEPARTURE FROM !998~)

Fig. 12—Distortion vs. carrier frequency characteristics of 1998-cycle single-
sideband arrangement using spacing carrier current 6 db below marking
current at 160 w.p.m. (61 d.p.s.).

A: Fixed adjustments. B: Constant marking output level from receiving filter, and
fixed relay bias current. C: Same as B, except receiving signal bias adjusted to zero by
varying receiving relay bias current while transmitting reversals.
frequency, according to curve C of Fig. 12, it was considered satisfactory to
locate the carrier at 1998 cycles for certain other single-sideband tests covered
in this paper, although a slightly higher or lower value would probably have
done about as well. As previously indicated, the reason for assuming a
spacing carrier current 6 db below the marking value for single-sideband
tests was to reduce the distortion due to the quadrature component2  Still
less effect from the latter would have existed if the spacing carrier current
had been further increased, but this would have reduced the difference be-
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tween the marking and spacing current amplitudes on the line, causing a
corresponding reduction in sideband power. If the quadrature component
had been completely eliminated it is possible that 1998 cycles would have
been found to be a more favorable carrier location than some of the other
closely adjacent frequencies. However, no attempt was made to design the
filters for the theoretical single-sideband requirement that the transfer
admittance of the vestigial sideband should be complementarylto that of
the other sideband near the carrier frequency.

Tests of Received Level Variations

Any transmission path is likely to have level variations caused by tempera-
ture and weather changes in case of wire lines and by fading in case of radio
links. Each arrangement was therefore tested for susceptibility to level
changes by varying the artificial line over a wide range. As the artificial
line was made of resistances, the effect of equal fading over the entire fre-
quency range was thereby simulated.

Distortion at 60 Words per Minute

In Fig. 13 is shown the total distortion at 60 w.p.m. vs. level change for
different arrangements using the same type of filter. As may be seen from
Fig. 13, the arrangements which had the same loss characteristic ranked in
the following order at 20 per cent distortion and 60 w.p.m. as regards stability
when the line level was varied: two-source with limiter on a par with one-
source two-band, frequency-shift, level compensated on-off, two-source
without limiter, linear on-off, and single sideband with —6 db spacing carrier.
The range of levels over which the first three arrangements mentioned above
were stable, in the absence of interference, was largely a function of the range
of the limiter, which was over 80 db. The on-off arrangement including a
level compensator had a range of approximately 40 db, but it should be re-
membered that a level compensator is effective only for level changes slow
compared to the signal speed. The range of the two-source arrangement
without limiter depended on the accuracy with which the marking and
spacing halves of the receiving circuit were balanced. In the arrangement
tested this range was about 30 db. The linear on-off arrangement without
level compensator was very sensitive to level changes because the operating
current in the receiving relay varied without a compensating variation in the
bias current. The single-sideband arrangement had greater sensitivity than
the linear on-off arrangement because a variation of 6 db in the line current
of the single-sideband arrangement was accompanied by a 15 db variation in
relay operating current due to the use of increased gain and a large grid bias
in the receiving d-c amplifier.
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Just as the line level range of an on-off arrangement may be extended by
the use of a level compensator, so it seems reasonable to expect that a similar
improvement could be obtained by using level compensators on the linear
on-off and single-sideband arrangements. However, when a level compen-
sator is applied to such arrangements, it must be a slow acting device in order
not to cause characteristic distortion. When large and rapid level changes
are frequent, as may occur on a radio circuit due to fading, an arrangement
including a fast acting device like a limiter is preferred, such as a two-source,
one-source two-band, or frequency-shift arrangement.

The effect of level variations on the distortion of the narrow-band two-
source arrangement and of the wide-band frequency-shift arrangement with
and without low cut-off low-pass filter is shown in Fig. 14. At 60 w.p.m. the
wide-band frequency-shift arrangement with low cut-off low-pass filter could

z 48 i
1
o 1 1
1 1
|
Q 1 | 2125+ 70~ FREQUENCY-SHIFT
z i (wide band)
6 32 I FINAL LOW-PASS FILTERS:
i ~(A) fc = 58~
------- V-- —(C) fc - 503rv
R2s !
0 \ (B) 980-2100" TWO-SO JRCE
) \ WITH LIMIT ER (NA 3ROW 3AND)
i 16 L v
ft 16 . \ [ I_
1
e &+
0
-46 _ -40 -32 -24 -16 -8 0 6 16 24 : 40

RECEIVING LEVEL IN DECIBELS (FROM NORMAL)

Fig. 14—Distortion vs. receiving level characteristics of narrow- and wide-band
arrangements at 60 w.p.m. (23 d.p.s.).
tolerate the nearly same level change as the normal-band frequency-shift ar-
rangement if 20 per centdistortion isthe limit. When the low-pass filter of the
wide-band frequency-shift arrangement had a high cut-off, the tolerance was
somewhat greater due to the steeper wave front of the detected signals which
rendered them less suceptible to bias caused by slight unbalance in the
detector and d-c amplifier at levels below the cut-off of the limiter. The
narrow-band two-source arrangement tolerated slightly less level change
than the normal-band two-source arrangement with limiter, for the same
reason.

Distortion at 120 Words per Minute

When the speed was doubled the effects of level change on distortion were
found to be as shown by Figs. 15 and 16, except that tests on the narrow-
band two-source arrangement were omitted because of high distortion at
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Fig. 15—Distortion vs. receiving level characteristics of normal-band arrangements at 120 w.p.m. (46 d.p.s.).
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120 w.p.m. The arrangements tested were found to have about the same
relative susceptibility to level changes at this speed as at 60 w.p.m.

The distortion shown in Figs. 13 and 15 consisted largely of bias for the
arrangements having no limiter. The distortion shown in Figs. 13, 14, 15,
and 16 for arrangements which had limiters rose faster than the absolute
value of the bias as the level dropped below the cut-off of the limiter. This
was partly due to extraneous noise in the laboratory apparatus.

2i 40
a

-40 -32 -24 -16 -6 0 8 16 24 32 40 48
RECEIVING LEVEL IN DECIBELS (FROM NORMAL)

Fig. 16—Distortion vs. receiving level characteristics of wide-band frequency-
shift arrangements at 120 w.p.m. (46 d.p.s.).

Selective Level Changes

When frequency-shift, two-source, or one-source two-band arrangements
are operated over a radio link, selective fading may occur which affects the
marking and spacing frequencies by different amounts. Tests were made
only on the two-source arrangements to measure the effect on distortion and
bias of differences between received marking and spacing levels. This effect
was simulated by setting the level of one of the two carrier oscillators at
different values with respect to the other, and measuring the distortion and
bias for each level setting. The distortion measurements are shown in Fig.
17 and are summarized below in Table I.

It may be seen from Fig. 17 that the distortion rose rather rapidly as the
marking level was changed with respect to the spacing level and thus the dis-
tortion due to selective fading was not greatly reduced by the use of a limiter.
The increase in distortion was mainly bias.

Tests of Adjacent Channel Crossfire

In order to investigate the effects on distortion due to interference from
adjacent channels, certain arrangements having the same loss characteristic
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were tested while upper and lower adjacent flanking channels were transmit-
ting reversals produced by separate vibrating relays at roughly 23 d.p.s.

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
MARKING LEVEL ON LINE IN DECIBELS (FROM SPACING LEVEL)

Fig. 17—Distortion vs. difference between marking and spacing level, é
Comparison of two-source arrangements.

Table |

Comparison of T wo-Source Arrangements, Effect of Difference between

M arking and Spacing Levels

Marking I-cvcl on Line—DB from Spacing Level

F',\ﬂacfjg?cr}gs L,tlén, For 10% Distortion For 20% Distortion

At 60 W.P.M. At 120W.P.M. At 60 W.P.M. At 120W.P.M.
1785-1955— Out —2.2to+2.2 -0.6 tp+0.4 —51lto+4.7 -1.71to+1.4
17851955 ' In —1.0tg+1.4 —4.7t0o +5.3 -0.4 to +1.0
1980-2100"" In failed -1.5to+1.3 failed

(narrow band)
*Distortion exceeded 10%.
The distortion with and without the flanking channels operating and the

difference in distortion are shown in the following tables, from which it is
seen that the various arrangements tested ranked approximately in the fol-



516 BELL SYSTEM TECHNICAL JOURNAL

lowing order as regards their insensitivity to flanking channel crossfire:
linear on-off and two-source without limiter about the same, single sideband
with no spacing carrier about the same as with —6 db spacing carrier, fre-
quency-shift.

It may be observed from Tables Il and 111 that the interchannel crossfire
obtained for the linear on-off and two-source arrangements was small, due
to the location of the carrier frequencies at the centers of the channel filter
bands. The crossfire obtained for the single-sideband and frequency-shift
methods given in Tables 1V to VI was greater, due to the location of the
marking or spacing frequencies near the edges of the channel filter bands.

Table Il

1955-CycleLinearon-Off Arrangement, Effectof Operating Adjacent 1785-Cycle
and 2125-Cycle On-Off Channels over Line

Maximum Total Distortion, Per Cent

Signal Speed, W.P.M. IncreasgelP <E)elrs]iortlon,
Flanking Channels Off Flanking Channels On
100 6.2 6.2 0
120 7.8 S.6 0.8
140 18.0 20.0 2.0
Table |11

1785 and 1955-Cycle T wo-Source Arrangement without Limiter, Effect of
Operating Adjacent 1615-Cycle and 2125-Cycle Channels over Line

Maximum Total Distortion, Per Cent

Signal Speed, W.P.M. Increas;elrn cDelrs&ortlon,
Flanking Channels Off Flanking Channels On
80 3.2 4.2 1.0
100 3.5 4.5 1.0
120 7.7 8.5 0.8
140 18.5 19.7 1.2

The other arrangements previously mentioned were not tested for flanking
channel crossfire. The two-source arrangement with limiter and normal
band width is thought to be no worse from this standpoint than that without
limiter, since a limiter usually helps in discriminating against small spurious
currents. From theoretical considerations the one-source two-band ar-
rangement with limiter is thought to be better than the two-source arrange-
ment without limiter, using the same channel filters and carrier frequencies.
The narrow-band two-source arrangement had considerably sharper cut-off
filters than the normal-band arrangement, thus causing greater attenuation
of frequencies outside the desired band. Consequently the narrow-band
two-source arrangement is thought to be no worse than the normal-band
arrangement as far as interchannel interference is concerned. The wide-
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band frequency-shift arrangements are thought to be no worse than the
normal-band frequency-shift arrangement from this standpoint, because of
the greater separation between the sidebands of the adjacent channels.
According to a study of the frequency spectra produced by abrupt or sinusoi-

Table IV

1998-Cycle Single-Sideband Arrangement (No spacing Carrier), Effect of
Operating Adjacent 1828-Cycle and 2168-Cycle Single-Sideband
Channelsover Line

Maximum Total Distortion, Per Cent

Signal Speed, WP.M. _ Increas% Elé? Biaﬁgtonion,
Planking Channels Off ~ Flanking Channels On
100 7.1 7.9 0.8
120 12.0 14.9 2.9
140 18.5 22.7 4.2
160 21.0 25.5 4.5
Table V

1998-Cycle Single-Sidf.band Arrangement (With Spacing Carrier 6 db Below
Marking Carrier), Effect of Operating Adjacent 1828-Cycle and
2168-Cycle Single-Sideband Channels over Line

Maximum Total Distortion, Per Cent . . )
Increase in Distortion,

Signal Speed, W.P.M. Per Cent
Flanking Channels Off Flanking Channels On
100 5.7 9.2 3.5
120 8.5 12.0 3.5
140 14.0 17.7 3.7
160 14.0 18.2 4.2
Table VI

1955435-Cycle Frequency-Shift Arrangement (w ith Relay Modulator), Effect
of Operating Adjacent 1785 * 35-Cycle and 2125 = 35-Cycle
Frequency-Shift Channels over Line

Maximum Total Distortion, Per Cent . . .
Increase in Distortion,

Signal Speed, W.P.M. Per Cent
Flanking Channels Off Flanking Channels On
60 2.5 6.0 3.5
100 55 11.0 5.5
120 11.0 19.0 8.0
140 20.0 28.0 8.0

dal frequency-shift arrangements during transmission of reversals? it
appears that the sinusoidal shift is better than abrupt shift from the stand-
point of interference between adjacent channels, when the sending channel
filter does not sufficiently attenuate undesired sideband components. But

12Balth. van der Pol: “Frequency Modulation”, Proc. I. R. E., Vol. 18, No. 7, July
1930, pp. 1194-1205.
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there is probably little use in complicating the modulating arrangement to
produce sinusoidal shift, merely for the purpose of simplifying the sending
filter.

In the multi-channel (on-off type) voice frequency carrier telegraph used
in the Bell System plant, the carrier currents of the different channels have
frequencies which are odd multiples of an 85-cycle base frequency, and the
channel filters have corresponding midband frequencies. Even order modu-
lation of these carrier currents, which occurs to a certain extent in the line
repeaters of the system, results in the production of interfering frequencies
which are even multiples of 85 cycles. These products fall midway between
the pass bands of the receiving channel filters and the loss which they en-
counter in these filters greatly reduces their effect. In a telegraph system
having this channel frequency arrangement, but designed to operate on a
frequency-shift basis, with the carrier frequencies shifted over a large portion
of the channel frequency bands, even order modulation products originating
in the line repeaters would, to a much greater extent, lie in frequency ranges
freely passed by the receiving filters; and the effect of such interference would
be correspondingly greater than in the on-off system.

N oise Tests

One way to judge the relative noise sensitivity of carrier telegraph arrange-
ments is to subject each to measured amounts of noise on the line and then
to compare the resulting signal distortions. Resistance or thermal noise
was used in these tests because it is the most general kind of noise. It con-
sists of a superposition of rapidly recurring random impulses, some of which
may overlap. No tests were made using impulse noise such as caused by
lightning, ignition, or sharp static, because it was thought that resistance
noise tests would suffice. Impulse noise, when considered in a strict mathe-
matical sense, consists of isolated pulses of very short duration and the com-
ponent frequencies are so phased with respect to each other that their
amplitudes add arithmetically at the instants of occurrence of the pulses.
Atmospheric disturbances range all the way from isolated pulses to grinding
static caused by dust storms which has characteristics approaching those of
resistance noise. It is difficult to choose a representative type of impulse
noise for testing. Another reason for not testing with impulse noise was that
theoretical considerations13 indicate there is not much difference in the
advantage of frequency-shift over on-off methods whether the disturbance
is of the impulse or resistance type.

In order to compare the sensitivities of the different arrangements to re-

13M. G. Croshy: “Frequency Modulation Noise Characteristics”, Proc. I. R- E.,
Vol. XXV, No. 4, April 1937, pp. 472-514.
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Fig. 18—Distortion vs. noise characteristics of single-sideband, linear on-off and
frequency-shift arrangements at 60 w.p.m. (23 d.p.s.).

R.M.S. NOISE-TO-CARRIER RATIO ON LINE IN DECIBELS

Fig. 19—Distortion vs. noise characteristics of two-band arrangements at 60
w.p.m. (23 d.p.s.).
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sistance noise, the noise was introduced into the line through a symmetrical
three-way pad, as previously mentioned. The marking carrier level at one
input of the noise pad was kept at a constant value. The level of the noise
current entering the other input of the noise pad was adjustable, and its
r.m.s. value was measured with a thermocouple, permitting the computation
of the r.m.s. noise-to-carrier ratio at the output of the three-way pad, since
the loss through the pad was the same for both signal and noise. This ratio
was used for abscissae in Figs. 18 to 21, inclusive, and the ordinates represent
distortion for various arrangements. These curves are useful in comparing
the relative noise sensitivities of the differentarrangements, because the same
noise source was used in all tests. The absolute noise sensitivities of the
various arrangements were not known accurately because the band width of
the noise source was not known exactly. The band width must have been
about 3 kc. because the measured signal-to-noise power ratio of the on-off
arrangement was 15 db better at the receiving filter output than on the line.
Fifteen db corresponds to a power ratio of 31.6, which also should be the ratio
of the band width of the noise source to the 95-cycle band width of the receiv-
ing filter. In comparing the various distortion vs. noise curves, one should
note that certain arrangements have different amounts of distortion when
noise is absent, which affects the comparison when noise is present.

Distortion at 60 Words per Minute

According to Figs. 18, 19, and 20 the arrangements having the same loss
characteristic rank in the following order as regards their insensitivity to
resistance noise at 60 w.p.m. and 20 per cent distortion: frequency-shift
with limiter, closely followed by frequency-shift without limiter, one-source
two-band with limiter, two-source without limiter on a par with two-source
with limiter, linear on-off, single-sideband with —6 db spacing carrier, and
single-sideband with no spacing carrier. All the tests recorded in Figs. 18,
19, and 20 were made on arrangements having linear receiving detectors.
No noise data were taken by the writers on the level compensated on-off
arrangement. Measurements made by other Bell System engineers on a
similar level compensated arrangement follow the general shape of curve C
of Fig. 18 for the linear on-off arrangement, except for an average displace-
ment of about one db to the left. It is not known whether the difference in
performance of the level compensated on-off arrangement was due to the
difference in detector characteristics or to a difference in measuringtech-
nique.

The frequency-shift arrangements tested were all less sensitive to noise
than the on-off arrangement. When a limiter was not used, this difference
was due mainly to differential recombination of the rectified output currents
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of the two branches of the discriminatorl4d When a limiter was used and the
noise was small compared to the carrier current, the limiter theoretically
should have reduced the noise-lo-carrier ratio at least 3 db. Therefore, one
might expect curves A and B of Fig. 20 to be separated horizontally at least
3 db in the region of low noise and to come together as the noise approaches
zero. However, since curves A and B are fairly flat in the region of low noise,
small errors in distortion measurement may have caused appreciable errors
in the horizontal separation between the curves. When noise is not small
compared to signal current, it is expected from theory that a limiter would
give only a small reduction in distortion caused by noise on a frequency-shift
arrangement. This appears to be verified experimentally by curves A and B
of Fig. 20.

The main purpose of testing the wide-band frequency-shift arrangements
was to compare their sensitivity to noise with that of the normal-band
frequency-shift arrangement with limiter. According to Fig. 20, curves B
and D, at 60 w.p.m. the tolerance to noise interference in the wide-band
arrangement with low-pass filters having a cut-off frequency of about 503
cycles was 2.7 db greater than that in the normal-band arrangement at 10
per cent distortion and 1.3 db greater at 20 per cent distortion. This im-
provement was unexpected because the wider band admitted more noise.
The improvement must have been due to the smaller distortion in the wide-
band arrangement when no noise was present. The theoretical difference
in noise tolerance between these two frequency-shift arrangements, which
had a two-to-one ratio of frequency band width and of frequency swing,
would have been 6 db at low noise levels if low-pass filters had been used at
the detector outputs of the wide-band channel to cut off components in the
detected current which are higher in frequency than those transmitted by the
normal-band arrangementl? However, the low-pass filters used in the tests
had a cut-off well above this value in order to permit signaling at very high
speeds. Consequently, there was some unnecessary noise passed by these
filters which accounts for an increase in noise tolerance of less than 6 db at
60 w.p.m.

In order to verify the fact that low cut-off low-pass filters improve the
noise toleranced of the wide-band frequency-shift arrangement, the 503-
cycle cut-off filters were replaced by filters having a cut-off at about 58 cycles.
According to Fig. 20, curves B and C, at 60 w.p.m. the tolerance to noise
interference in the wide-band arrangements was then 6.1 db greater than in
the normal-band arrangement at 10 per cent distortion, and 2 db greater at
20 per cent distortion.

11J). R. Carson and T. C. Fry: “Variable Frequency Electric Circuit Theory with Ap-

plication to the Theory of Frequency Modulation”, Bell Sys. Tech. Jour., Vol. XVI, No.
4, October 1937, pp. 513-540.
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The superiority of the two-source arrangements over the on-off arrange-
ment may be accounted for by differential recombination of the detected
waves, and by the greater amount of sideband power transmitted with two
separate carriers.

As shown in Fig. 19, the tolerance to noise of the narrow-band two-source
arrangement at 60 w.p.m. was less than that of the normal-band two-source
arrangement with limiter because of the greater distortion obtained when
operating at this speed without noise. Also, the two-source arrangement
illustrated by curves B and C in Fig. 19 appears to have been made worse
at low noise values by use of a limiter. Actually the limiter probably did
reduce the noise power, but the improvement in distortion obtained thereby
was greatly outweighed by the distortion increase which occurred without
noise when the limiter was added, as explained above under the heading
“Distortion vs. Speed Tests”, and illustrated in curves C and D of Fig. 6.

The single-sideband arrangements were both more sensitive to noise
than the on-off arrangement. In the case of the single-sideband arrange-
ment with no spacing carrier the presence of quadrature2 component in-
creased the marking bias; and in order to have zero bias on reversals it was
necessary to increase the d-c bias current in the receiving relay, which re-
duced the effective marking current and therefore made the arrangement
more susceptible to interference occurring during the marking intervals.
In the case of the single-sideband arrangement with —6 db spacing carrier
the amount of sideband power transmitted was less than in the on-off ar-
rangement and consequently noise was more troublesome.

Distortion at 120 Words per Minute

Further tests were conducted at 120 w.p.m. on the arrangements having
linear receiving detectors, and results are shown in Fig. 21. The increase
in speed caused an increase in distortion on all arrangements at a given
noise level, but the increase in speed has less effect on the single-sideband
arrangements than on the others having the same loss characteristics, at
medium and high noise levels. On account of the narrower sidebands
transmitted on the two-source, normal-band frequency-shift, and on-off
arrangements, an increase in speed was accompanied by a greater decrease
in amplitude of received signal and therefore by a greater increase in noise-
to-signal ratio than in the case of the single-sideband arrangements, each of
which used a wider sideband. Consequently, at a given noise-to-signal
ratio, the speed increase was accompanied by a greater distortion increase
on the former group of arrangements than on the latter.

As was previously found at 60 w.p.m. the frequency-shift arrangement
with limiter was less sensitive to noise than the arrangement without, when
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the noise was small. But the reduction in distortion was negligible, because
the distortion was small in either case.

In Fig. 21, a comparison of curve F, applying to the normal-band fre-
quency-shift arrangement with limiter, and curve K, applying to the wide-
band frequency-shift arrangement with 503-cycle low-pass filter, shows
that at 20 per cent distortion the increase in band width and frequency
swing resulted in a 9 db improvement in noise-to-carrier ratio. This im-
provement may be explained on the same basis as the 1.3 db improvement
obtained at 60 w.p.m. and was larger due to the higher distortion of the
normal-band arrangement when operating at 120 w.p.m. When the cut-off
frequency of the low-pass filter of the wide-band frequency-shift arrange-
ment was changed from 503 cycles to 58 cycles, this improvement in noise-
to-signal ratio was increased to 11.6 db. It is apparent that tolerance to
noise was appreciably increased by this change of filters but, of course, this
was accompanied by a reduction in maximum operating speed.

Noise-to-Signal Ratio at Receiving Relay

Another method that was used to measure noise-to-signal ratio on the
on-off and single-sideband arrangements was as follows: Waith the carrier
turned off, the receiving gain was increased until the receiving relay just
operated on occasional noise peaks. Then with the carrier on the line, and
with the noise absent, the receiving gain was readjusted until the receiving
relay again just operated. The difference in receiving gain in these two tests
was called the noise-to-signal ratio at the receiving relay. When this
method of measuring the noise-to-signal ratio was used it was found that the
on-off and single-sideband arrangements had distortion vs. noise-to-carrier
ratio characteristics similar to those given in Figs. 18 and 21. However,
in order to express these characteristics correctly when substituting the
words “at receiving relay” for “on line” in the scale of abscissae, it was
found experimentally that it was necessary to shift the curves for the on-off
arrangement 7 db to the left and to shift those for the single-sideband
arrangement 4 db to the left, relative to their present positions in these
figures. Such a change of scale was necessary because the noise-to-signal
ratio was smaller at the output of the receiving filter than it was on the line.

Summary Of Results

Explanation of Tables VII and V111

Tables VII and VIII have been prepared from the test data in order to
compare the various arrangements for a given amount of distortion on each.
Table VII describes certain of their properties for 10 per cent maximum
total distortion. In column A (see bottom line of the table) are listed the
different arrangements. In columns B and C are given the speeds in dots
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per second and words per minute respectively at which these arrangements
operated, with 10 per cent distortion. In taking these data all other vari-
ables such as noise and level or frequency changes were absent. (Similarly
in the other columns only the variable mentioned was allowed to change.)
Column D gives the order of preference for arrangements having the same
channel filter loss characteristic (but not necessarily the same total frequency
band) on the basis_that the highest speed is the most desirable. These
data apply when no flanking channels were present. The one-source
two-band arrangement and the single-sideband arrangement with —6 db’
spacing carrier were the fastest of those having the same channel filter loss-
characteristic, as might be expected from the widths of the transmitted,
sidebands. However, for a given band width, the single-sideband arrange-
ment with —6 db spacing carrier was the fastest. If frequency band width
isof paramount importance, consideration should be limited to arrangements
with the same band width, which would change the order of preference.

Columns E, F, and G apply, respectively, in place of columns B, C, and
D, when flanking channels were in operation. According to column G, the
single-sideband arrangement lost its place in preferential rating due to
interference from the adjacent channels; and the on-off and two-source
arrangements were the best, as might be expected, because their carriers
were located at midband.

In column H are listed the ranges of levels over which the received signal
power could vary without causing more than 10 per cent distortion. The
order of preference listed in column | indicates that arrangements with
limiters were the most stable.

In column L are listed the ranges of carrier frequency variations which
could be tolerated without causing the distortion to exceed 10 per cent.
In column M it is seen that the two-source arrangements performed better
than the others when the mean frequency changed.

In column P the arrangements are rated on the basis of the resistance
noise which could be tolerated on the line compared to the linear on-off
arrangement. For example, the frequency-shift arrangement in item 1.11
could tolerate 2.7 db more noise than the on-off arrangement for 10 percent
distortion at 60 w.p.m. According to column Q the one-source two-band
arrangement performed the best in this respect.

Table V111 is arranged similarly to Table VII except that the maximum
total distortion is 20 per cent throughout, and additional data are given in
columns J, K, N, O, R, and S to cover speed at 120 w.p.m.

D iscussion

It is believed thatthe circuit arrangements tested were reasonably repre-
sentative of those commonly used in carrier telegraph practice, so that



Table VII

Comparison of D ifferent Arrangements when Maximum D istortion is 10% on Each.

Unless Otherwise Stated: Channel Spacing 170 Cycles & L0SS per Fig. 1, Curve A
Note: d.p.s. = dots per sec.; w.p.m. = words per min.; o.p. = order of preference based on performance. (In practise, consideration should
i - N

....... nnrl »mocno/'f tVin nn.nff ormnfrpmpnfC mnir Bin'll )

Basis of Comparison

Flat Level Mean Carrier . .
Arrangement Speed Change Freq. Change Agllgannatla-éoe-’c;lnmi?ne
Range Range Cgmgaf(edtvgéth
i i n-Ofia
No Flanking Channel Wlém;r:ggll;mg wa.:).GmOA WEL6£ w.p.m.
dps. wpm. op. dps. wpm op. & o.p. cps. o.p. do o.p.
1. Arrangements with Same Band Width
1.1. Frcquency-Shift, 1955 + 35 Cycles, with Relay
Modulator:
1.11. With Current Limiter ... 42 110 8 36 94 5 >82 3 11.6 5 +2.7 2
1.12. Without Current Limiter 4 107 9 +2.2 3
1.2. Frequency-Shift, 1955 + 35 Cycles, with
Limiter, Diode Modulator:
1.21. Abrupt Frequency Change............... 44 115 7 *
1.22. Sinusoidal Frequency Change............ 39 103 1
1.3. Linear On-Off, 1955 CYCIES...omerrrrrmerrnnn 47 123 6 48 126 1 21 6 60 3 0 5
1.4. On-Off with 40B1 Detector, 1955 Cycles (No
Level COMPENSAtOr).......coreeveveeeeeeemereeeeeeenereeenne 48 127 4
1.5. Level Compensated On-Off, 1955 Cycles........... 50 132 3 >41 4 59 4
1.6. Single-Sideband, 1998 Cycles: 6 3 6
1.61. NO Spacing Carrier........ooomrreeenns 40 105 10 41 108 3 “b.oe
1.62. Spacing Carrier —6 db..oooooorerrerrrrrcrene. 156 147 2 41 107 4 10 7 7 6 6.7 7
2.1. Two-Source, 1785and 1955 Cycles:
2.11. Without Current Limiter............. 47 125 47
2.12. With Current Limiter..oemriererrnne 33 87 12 24 2 gg 5 138 1 +1.0 4
1 126 2 -7.3 8
2.2. One-Source Two-Band, 1785 and 1955 Cycles,
with Current Limiter........... 59 155 1 >90 2 59 4 +3.7 1
2.3. Two-Source, 1980 and 2100 Cycles, 120-Cycle
Spacing (Narrow-Band), 2 Bands per Fig. 1,
Curve C, with Current Limiter. .. (Dis: ortion tiwajs greatt:r than 10% at specds greater than 60 W. P.M.)
2.4. Frequency-Shift, 2125 + 70 Cycles, 340-Cycle
Spacing (Widc-Band), with Limiter, Loss
per Fig. 1, Curve B:
2.41. With Final L.P. Filters,/, = 503 cycles 66 173 ¢ >90 * 36 4 +5.2 *
2.42. With Final L.P. Filters,/,, = 58cycles 47 123 >81 * 20 * 188 *
Column No.: A B I D E = G H | L M p 0

'No order of Preference given because the loss characteristics of these channels differ from those of the other channels.
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Note: d.p.s. =

dots per sec.; w.p.m. =

words per min.; o.p.

Table VIII

Comparison of Different Arrangements when Maximum Total Distortion |Is 20% on Each.
Unless Otherwise Stated: Channel Spacing 170 Cycles & Loss per l'ig. 1, Curve A

(In practise, consideration should also be given

to economic advantages, and in this respect the on-off arrangements rank high.)

* Extrapolated.
** No order of preference given because the loss characteristics of these channels differ from those of the other channels.

Speed
Arrangement (same a3 Table VII)
No Flanking With Flanking
Channels Channels
d.p.s. w.p.m. o.p. d.p.s. w.p.m. o.p.
1. Arrangements with Same Band Width
1.1. I'req.-Shift, 1955 + 35 Cycles, Relay
Modulator:
1.11. With Current Limiter............... 51 134 9 46 121 5
1.12. Without Current Limiter.......... 55 144 7
1.2. Freq.-Shift, 1955 + 35 Cycles, Diode
Modulator:
1.21. AbruptFrequency Change.... 57 151 4
1.22. Sinusoidal Frequency Change. 50 131 10
1.3. Linear On-Off, 1955 Cycles......c........ 52 137 8 53 140 3
1.4. On-Off40BI Detector, 1955 Cycles
(No Level Compensator)................. 56 148 5
1.5. Level Compensated On-Off, 1955
Cycles 56 147 5
1.6. Single-Sideband, 1998 Cycles:
1.61. No Spacing Carrier 60 157 3 50 131 4
1.62. Spacing Carrier —6db.... 72*  190* 1 >68 >180 1
2. Arrangements vnlh Different Band Widths
2.1. Two-Source, 1785 & 1955 Cycles:
2.11. Without CurrentLimiter.......... 55 146 6 54 141 2
2.12. With CurrentLimiter................ 50 132 10
2.2. One-Source,Two-Band, 1785 & 1955
Cycles, with Current Limiter......... 66 175 2
2.3. Two-Source, 1980 & 2100 Cycles, 120-
Cycle Spacing (Narrow-Band), 2
Bands per Fig. 1, Curve C, with
current Limiter..iceieecieeine 29 76 =
2.4. Frequency Shift, 2125 + 70 Cycles,
340-Cycle Spacing (Wide-Band),
with Current Limiter, Loss per Fig.
1, Curve B: -
2.41. Final L.P.Filt.,/c= 503~. ... >68 >180 .
2.42. Final LP.Filt,/, = 58~.... 52 138 *
Column No.: A B C D E F G

Basis of Comparison

order of preference based on performance.

Flat Level Change

Mean Carrier Frequency

At60w.p.m. At120w.p.m.

At60w.p.m. At 120w.p.m.
Range Range Range
db 0.p. db 0.p. cC.p.s.
>84 2 >64 3 25
4.8 5 19 6 75
>42 3 >41 4 85
25 6 1.3 7 123
37 4 19.7 5 145
>100 1 83 2 145
>100 1 >84 1 110
>94 Y fails 44
>90 >89 80
>84 >82 42
1 1y K L

0.

Change

Range

p. C.pJ.

5 10.6

1 117
1 102

i ¥

57

fails

37
14

0.p.

¥

Signal-to-Noise Advantage

on

Line

Compared with On-Off

At
60 w.p.m.

do

-6.2

At
120 w.p.m.
d op.
+0.3 3
-0.5 5
0 4
-6.4 7
-3.7 6

+2.8 2
-6.2 8
+6.0 1
fails

+9.3 »é
+119 7
R S
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fairly general conclusions are warranted. With the use of other types of
filters, relays, etc., somewhat different results would doubtless be obtained.

Relative advantages and disadvantages of frequency-shift,, on-off, and
single-sideband methods of carrier telegraphy were deduced from measure-
ments utilizing the same channel filters and covering a range of signalling
speeds, noise, interference, and other variables.

A frequency-shift arrangement with amplitude limiter is substantially
unaffected by non-selective level changes and relatively insensitive to noise
currents. However, interfering currents from similar flanking channels are
greater than when using the other methods. It has bias instability when
the mean carrier frequency drifts. None of the arrangements tested had
any compensation for drifting of the mean carrier frequency. However,
it is known that automatic compensation for this may be obtained by various
special methods not here described.

A channel using the on-off method is less sensitive to frequency drift,
slightly faster for a given band width, and cheaper in terminal equipment
than that using the frequency-shift method. The interfering currents from
similar flanking channels using the on-off method are quite small. Weak-
nesses of the on-off method are greater sensitivity to noise and level changes.
However, on good wire lines, when a level compensatorll is used, these
weaknesses are unimportant, and the on-off method is satisfactory. Of
course, these weaknesses become important on radio circuits when noise is
strong and when fades are too rapid or too severe to be overcome by the
level compensator.

The greatest speed for a given band width is attainable by the single-
sideband method. Unfortunately this method is poor from the standpoint
of interchannel interference, is the most susceptible to noise, and, unless
special compensating devices are used, is the most sensitive to carrier fre-
quency drift and level changes.

Several arrangements were also investigated which utilized approximately
double the band width of those mentioned in the preceding paragraph.
Among these, the two-source method is the best of all the methods herein
mentioned from the standpoint of insensitivity to changes in carrier fre-
quency, whether or not a limiter is used. If a limiter is used this arrange-
ment ranks well in its ability to withstand non-selective level changes.
Two-source arrangements are sensitive to differences between the marking
and spacing levels, but some advantage is obtained by the use of a limiter.
The distortion vs. speed characteristic of the two-source method without
limiter is about the same as that of the linear on-off method utilizing half the
band width of the two-source method. As previously explained, the use of
a limiter with this method causes distortion and materially reduces the max-
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imum operating speed. From a noise standpoint the two-source arrange-
ment without limiter has a slight advantage over the linear on-off method.
When a limiter is used, the two-source arrangement is inferior to the linear
on-off method due to the distortion inherent in this arrangement.

In the one-source two-band arrangement the limiter does not cause dis-
tortion, and a wider range of frequency components is transmitted than by
the two-source method. For these reasons, the one-source two-band
arrangement has a maximum working speed considerably higher than the
two-source arrangement. The one-source two-band arrangement ranks
close to the two-source method with limiter in its ability to withstand non-
selective level changes, but its susceptibility to carrier frequency changes is
greater.

A frequency-shift arrangement utilizing approximately the same band
width as the two-source arrangement is found to have appreciably higher
speed and less sensitivity to noise, but unless compensation is provided this
frequency-shift arrangement is considerably more susceptible to carrier
frequency changes. A further reduction in noise sensitivity may be ob-
tained by the use of a low-pass filter at the detector output with a cut-off
frequency low enough to limit the speed to that attainable with the normal-
band frequency-shift arrangement.

Economic considerations should also be given due weight in selecting an
optimum arrangement for a specific application. For example, the on-off
method has been widely used on certain wire lines of the Bell System, because
appreciable level changes are gradual and the lines are relatively quiet.
For this application, the level compensated on-off method therefore gives
satisfactory service with a minimum amount of apparatus, and the terminal
arrangements are fairly simple and easy to maintain. On radio links subject
to noise and fading, the more expensive frequency-shift and two-source
methods have frequently been selected because of their greater reliability
under such adverse conditions. The on-off and two-source arrangements
have the advantage that common carrier generators (or oscillators) may
be used for a number of channels.



Abstracts of Technical Articles by Bell System Authors

Weathering of Soft Vulcanized Rubber} James Crabtree and A.R. Kemp.
Two separate and distinct processes are responsible for the breakdown of
soft vulcanized rubber when exposed to outdoor weathering—Ilight-energized
oxidation and attack by atmospheric ozone. The former is independent of
stress and controllable to any marked extent only by incorporation of
opaquing fdlers. The latter affects rubber only when under stress and is
checked to a considerable degree by addition of certain hydrocarbon waxes
as long as the stress is static. The conditions affecting these processes have
been investigated, and suggestions for accelerated aging are made on the
basis of the findings.

A Note on a Simple Transmission Formula.2 H araitd T. Friis. A simple
transmission formula for a radio circuit is derived. The utility of the
formula is emphasized and its limitations are discussed.

Applications of Thin Permalloy Tape in Wide-Band Telephone and Pidse
Transformers,3 A. G. canz. The properties and uses of thin permalloy
tapes ranging from two mils to as little as 1/8 mil thick in tape cores are
described. Typical applications covered are in transformers and non-linear
coils for radar and for telephone systems. Data are given on the steady
a-c. properties of thin tapes up to one megacycle. Pulse magnetization of
the tape is analyzed. The available flux density range with uni-directional
pulses and the effects of appropriate air gaps and of reverse magnetization
between pulses are illustrated. Equations are given for flux distribution,
effective permeability and loss, assuming linear magnetic properties, and
convenient graphs for these characteristics are included. Simple expressions
are developed for effective permeability and loss, which are approximations
for the high d-c. permeability and rapid transition to saturation which
characterize the permalloys.

Derivation of the Lorenlz Transformations4 Herbert E. Ives. The
Lorentz transformations were obtained by Lorentz as a succession of ad hoc
inventions, to reconcile Maxwell’s theory with the results of experiments on
moving bodies. By Einstein they were derived after a discussion of the

lindus. & Engg. Chemistry, March 1946.

2Proc. I.R.E., May 1946.

3Elec. Engg., Trans. Sec., April 1946.
*Pliil. Mag., June 1945.
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nature of simultaneity, and the adoption of a definition of simultaneity which
violates the intuitive and common-sense meaning of that term. It is the
purpose of this paper to show that these transformations can be derived by
imposing the laws of conservation of energy and of momentum on radiation
processes as developed by Maxwell’s methods.

The Effect of Eigli Humidity and Fungi on the Insulation Resistance of
Plastics6 Jonn Leutritz, Jr. and D avida B. Herrmann. The decrease
in insulation resistance of methyl methacrylate, glass bonded mica, glass
mat laminate phenolic, phenol fabric, phenol fiber, and wood flour filled
phenol plastic is determined during prolonged exposure of the plastics to
fungi and 97 per cent relative humidity at 25 C. The same plastics with
fungi present also are exposed to 87, 76, and 52 per cent relative humidity to
study their recovery, and then re-exposed to 97 per cent relative humidity.
Samples with cleaned surfaces and with varnished surfaces are dried and then
exposed to fungi and high humidity. The insulation resistance of a fungus
network on methyl methacrylate is determined at 87, 76, and 52 per cent
relative humidity.

Fungus growth occurs on all the test specimens except those with cleaned
or varnished surfaces. The decrease in insulation resistance is retarded by
the varnish. The degradation is due entirely to moisture. The rate of
recovery is dependent on the composition and structure of the materials.
None of the plastics is permanently affected by exposure to fungi and high
humidity. Cleaning of surfaces and removal of moisture restore the insu-
lation resistance to its original high value in every case. Water adsorption
and absorption, not fungi, are the critical factors in the deterioration of the
insulation resistance of these plastics.

The Elastic, Piezoelectric, and Dielectric Constants of Potassium Dihy-
drogen Phosphate and Ammonium Diliydrogen Phosphate.6 W. P. M ason.
Measurements have been made of all the elastic, piezoelectric, and dielectric
constants of KDP and ADP crystals through temperature ranges down to
the Curie temperatures. The piezoelectric properties agree well with Muell-
er’s phenomenological theory of piezoelectricity provided the fundamental
piezoelectric constant is taken as the ratio of the piezoelectric stress to that
part of the polarization due to the hydrogen bonds. It is found that the
dielectric properties of KDP agree well with the theory presented by Slater
based on the interaction of the hydrogen bonds with the PO4ions. ADP
undergoes a transition at —125°C which results in fracturing the crystal.
This transition cannot be connected with the HiPCh hydrogen bond system

>A.S.T.il. Bulletin, January 1946.
,Phys. Rev., March 1and 15, 1946.
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which controls the dielectric and piezoelectric properties, for these lie on
smooth curves that do not change slope as the transition temperature is.
approached. It is suggested that two separate and independent hydrogen
bond systems are involved in ADP. The transition temperature and
specific heat anomaly appear to be connected with hydrogen bonds between
the nitrogens and the oxygens of the PCh ions, while the dielectric and
piezoelectric properties are controlled by the HOPO4 hydrogen bonds.

Nonlinearity in Frequency-Modulation Radio Systems due to Multipath
Propagations. T. Meyers. A theoretical study is made to determine
the effects of multipath propagation on over-all transmission characteristics
in frequency-modulation radio circuits. The analysis covers a simplified
case where the transmitted carrier is frequency-modulated by a single mod-
ulating frequency and is propagated over two paths having relative delay and
amplitude differences. Equationsare derived for the receiveroutput interms
of the transmitter input for fundamental and harmonics of the modulating
frequency. Curves are plotted and discussed for various values of relative
carrier- and signal-frequency phase shift and relative amplitude difference
of the received waves.

The results show that a special kind of amplitude nonlinearity is produced
in the input-output characteristics of an over-all frequency-modulation
radio system. Under certain conditions, sudden changes in output-signal
amplitude accompany the passage of the input-signal amplitude through cer-
tain critical values. Transmission irregularities of this type are proposed
as a possible explanation of so-called “volume bursts” sometimes encoun-
tered in frequency-modulation radio circuits. In general, it appears that
amplitude and frequency distortion are most severe where the relative delay
between paths is large and the amplitude difference is small.

Propagation of 6-Millimeter IFares.8 G. E. Muetrter. One step in the
exploration of a new band of frequencies for communications purposes is a
study of the transmission properties of the medium involved. This paper
describes the methods and results of measurements of attenuation due to
rainfall and atmospheric gases at a wavelength of 0.62 centimeter.

The one-way attenuation due to moderate rains at 0.62 centimeter is
roughly 0.6 decibel-per-mile per millimeter-per-hour. The gas attenuation
is probably less than 0.2 decibel per mile.

Vicalloy—A Workable Alloy for Permanent Magnets.'3 E. A. Nesbitt.
Alloys in the region of 30 to 52 per cent iron, 36 to 62 per cent cobalt, and |
»Proc. I.R.E., May 1946.

*Proc. I.R.E., April 1946.
9Metals Technology, February 1946.
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to 16 per cent vanadium were investigated with the result that permanent
magnet materials of unusual mechanical as well as magnetic properties were
discovered. The alloys differ from most age-hardening alloys in that the
gamma phase, stable at high temperatures, is dispersed in the alpha phase,
stable at low temperatures, instead of vice versa.

Distribution of Sample Arrangements for Runs Up and Down.™ P. S.
Oimstead. Using the notation of Levene and Wolfowitz, a new recur-
sion formula is used to give the exact distribution of arrangements of n num-
bers, no two alike, with runs up or down of length p or more. These are
tabled forn and p through n = 14. An exact solution is given forp > n/2.
The average and variance determined by Levene and Wolfowitz are pre-
sented in a simplified form. The fraction of arrangements of n numbers
with runs of length p or more are presented for the exact distributions,
for the limiting Poisson Exponential, and for an extrapolation from the
exact distributions. Agreement among the tables is discussed.

Radar Systems Considerations,u D. A. Quartes. In the broad field of
radio technology, radar (object location) systems have come to occupy a
relatively new but highly specialized area. Because radar is a seeing and
measuring art, it has put a special premium on short wavelength and has
thus tended to accelerate greatly the already rapid trend toward higher
frequencies. Moreover, many radar systems are associated with computer
and servo mechanisms for automatic control purpose such as gunfire, bomb
release and the like. To meet these new needs, a dozen or more highly
developed fields of specialization covering such components as antennas,
pulse transmitters and display devices have been created. Planning a new
radar system calls for an appraisal of these component arts and for selection
and balancing of component characteristics to produce an integrated
system. The present paper deals with such technical considerations in-
volved in planning an overall radar system as a background fdr other more
detailed technical expositions of the component arts.

The Effect of Rain upon the Propagation of Waves in the 1- and 3-Centimeter
Regions.]Z Stoan D. Robertson and Archie P. King. . This paper
presents some experimental results which show the effect of rain upon
the transmission of electromagnetic waves in the region between 1 and 4

centimeters.
At a wavelength of 1.09 centimeters, the waves are appreciably attenuated,
BAnnals of Mathematical Statistics, March 1946.

n Elec. Engg., Tram. Sec., April 1946.
PProc. I.R.E., April 1946.
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even by a moderate rain. Attenuations in excess of 25 decibels per mile
have been observed in rain of cloudburst proportions.

The attenuation of waves somewhat longer than 3 centimeters is slight
for moderate and light rainfall. During a cloudburst, however, the attenu-
ation may approach a value of 5 decibels per mile.

The Advancing Statistical Front.™ W. A. Shewhart. From the view-
point of general education, statistics is not simply a tool as is so often stated,
but a scientific way of looking at the universe; statistical method is not
something apart from scientific method but is scientific method in which
the three steps, hypothesis, experiment, and test of hypothesis, are adjusted
to allow for the fact that scientific inference is only probable. Applications
of statistics in this sense are rapidly extending to all fields of pure, back-
ground, and applied reserch.

A New Crystal Channel Filler for Broad Band Carrier Systems.* E. S.
Witus. A new crystal channel filter for use in broad-band carrier tele-
phone systems is described. It requires less than two-thirds as much
mounting space as the earlier design and savings in materials and manufac-
turing effort are realized. The savings were made possible by assembling
the four crystal units in one lattice-type filter section rather than two,
resulting in a reduction in the number of component coils and capacitors.

1BJour. Amer. Stalls. Assoc., March 1946.
UElec. Engg., Trans. Sec., March 1946.
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