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Automatic Switching for N at10nw1de
Telephone Service

By A. B. CLARK and H. S. OSBORNE
(Manuscript received May 15, 1952)

A plan for automatic long distance switching, which will ultimately em-
brace the entire area of the United States and extend into Canada and per-
haps Mexico, has been formulated and vmportant steps have been taken
toward 1ts realization. The plan contemplates that when a telephone cus-
tomer places a call with a long distance operator, this operator will be able
to establish a conneclion to any desired telephone simply by playing a 10
or 11 digit code into an automatic mechanism. She will recewe distinctive
signals when the called ielephone answers or when the telephone or the toll
circuits are busy. She will completely control the establishment of the
connection and will have avatlable to her the information mecessary for
proper billing of the call. The plan also contemplates that telephone cus-
tomers will ultimately be able to dial long distance calls themselves, wherever
may be the locations of the calling and called telephones.

INTRODUCTION

Ever since the invention of the telephone 76 years ago, development
work has been pressing forward both in telephone transmission and in
switching. These two fields have been closely interrelated in the develop-
ment of telephone service on a nationwide basis, and neither could have
progressed as it has without corresponding progress in the other.

The first development of equipment for the mechanical switching of
telephone lines was the local dial system to enable one customer to be
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connected with another in the same town. It was a natural step to de-
velop the equipment so that operators in nearby towns could complete
toll calls through this local dial equipment. This was done first by using
the local equipment and then with progressive modifications making it
more and more suitable for toll.

By these means through the decades of the 20’s and 30’s regional
networks were developed for operator toll dialing, using step-by-step
types of equipment, particularly in Southern California, Connecticut
and Ohio. Also many short haul toll calls in metropolitan areas were
handled in connection with the panel type dial equipment which was
developed for automatic switching in these areas.

Also during this period the range of customer dialing in large metro-
politan areas was extended, where local service is measured by message
registers, through arrangements for the multiple registration of calls
for which the charge was more than one local unit.

An important feature of switching development in this period was
the perfecting of ‘“‘common control” switching systems for large metro-
politan areas endowed with a high degree of intelligence and great
reliability.! As will be shown, still more extensive and complicated func-
tions must be performed by the common control systems of a nationwide
automatic switching system.

Also throughout this period great advance was made in the quality
and stability of long distance circuits. Telephone connections, some with
as many as five circuits in tandem, were being regularly established by
telephone operators with satisfactory overall transmission. The limita-
tion was in the speed and accuracy with which multiple switches could
be made by operators rather than in the overall transmission charac-
teristics.

Several factors have worked together to bring about a big expansion
of long distance telephone service. These include the great growth in the
numbers of telephones in service, improvements in long distance trans-
mission, in switching, and in methods of traffic operation. Since auto-
matic switching becomes increasingly attractive as the traffic density
increases, this large growth pointed toward the desirability of further
mechanizing the switching operations.

In 1943 there was cut into service in Philadelphia the first installation
of the No. 4 toll crossbar system.” This system was designed to enable
general automatic switching of toll connections in and out of large metro-
politan areas and had many of the capabilities necessary for nation-
wide switching.

The various considerations already mentioned, coupled with the sue-
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cess of the No. 4 installation at Philadelphia, led to studies of the
service and operating results which might be expected from a nationwide
extension of automatic switching. The conclusion was reached that this
would be a desirable objective of the Bell System companies and would
result in a very substantial further improvement in the speed and ac-
curacy of handling of long distance messages. Accordingly, during the
next few years, a national plan was prepared and was adopted by the
telephone companies.

GENERAL PLAN FOR NATIONWIDE AUTOMATIC SWITCHING

The features of this nationwide plan and the present status of its
application form the subject of the three technical papers which accom-
pany this introductory paper.”* ® The basic requirements to be met:
in the development of this plan included the following:

1. It should be suitable for the nationwide extension of automatic
switching both by originating toll operators and by the customers direct.

When this work was commenced it was clear that a program leading
toward general nationwide operator dialing was desirable. Subsequent
developments have confirmed the wisdom of making the basic plan
consistent with general nationwide customer dialing as well since it now
appears that a very wide extension of this form of service will become
desirable.

2. The plan must provide for satisfactory overall service between
any two telephones in this country and Canada.

Under manual operation satisfactory overall service was provided
for by the general toll switching plan in use since about 1930. This plan
is modified to recognize the far greater speed and accuracy of automatic
switching compared with manual switching. This involves also modifi-
cations of transmission design standards so that the overall connections
will continue to be satisfactory.

3. The system must be designed for instantaneous service, so that
delays due to lack of circuits or equipment would be very infrequent.
This is necessary, both from the standpoints of service and the avoidance
of tieups, particularly of the automatic switching machinery.

A trunking system must therefore be devised which will most economi-
cally meet this requirement, considering overall costs of lines, switch-
ing equipment and operation.

4. Machines must be designed for use at strategic points in the net-
work, called “control switching points”, to perform automatically the
various tasks required to make the overall plan operative and economical.
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5. The entire plan must be such as to provide satisfactorily for growth,
for flexibility to meet changing conditions and for minimum overall
costs of operation.

FUNDAMENTAL PLANS FOR TOLL PLANT

Mr. Pilliod’s paper, pages 832 to 850, discusses the fundamental lay-
out of plant for nationwide operator toll dialing. This is subject to
changes from time to time with further specific studies, as is the case
with all far-reaching fundamental plans of this type. The additional
requirements imposed by nationwide customer dialing are still under
study as will be discussed a little later.

The national toll switching plan is modified so that there may be a
maximum of eight toll circuits switched together to connect any two
telephones compared with the previous limit of five.® In order to handle
the entire traffic of the country, approximately 100 control switching
points are necessary at which highly intelligent common control switch-
ing systems of the No. 4 crossbar type will be placed.

A very important feature of the layout is a trunking plan providing
for a high degree of use of alternate routes. To design all of the toll cir-
cuit groups of the country for a no-delay service would be very expen-
sive. However, taking advantage of the extreme rapidity of automatic
switching and the ability to build into the machine capacity for using
a large number of alternate routes, a trunking system has been devised
in which only about one-sixth of the toll circuit groups of the country
need be engineered on a very liberal basis. These are called final groups
and are the groups to which the machine ultimately appeals if all of the
more direct circuit groups are busy. These more direct circuit groups
can then be engineered on a basis providing for high usage of the cir-
cuits, recognizing that when one group is busy the machine appeals to
another and so on until as a last resort the final group is used.

In determining means for handling all of the toll messages with a
relatively small number of control switching points, tremendous ad-
vantage was derived from modern transmission developments, par-
ticularly carrier systems which give a great economy from the concen-
tration on a long distance route of large numbers of telephone circuits
— numbers often running into the thousands. As a result, a considerable
degree of circuitous routing and back hauling of circuits is economical if
by these means the circuits can be concentrated on heavy routes. This
in turn lends itself to a plan using a minimum of control switching points.
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NATIONWIDE NUMBERING PLAN

In the previous use of automatic switching by toll operators, the
operators were furnished with codes by means of which could be selected
the various circuits necessary to reach the destination. These codes were
dialed, followed by the local number of the called party. With this sys-
tem, toll operators calling a given telephone from different remote cities
would, in general, use different codes corresponding to the different
circuit groups which they must select.

For nationwide toll dialing even by operators this system would have
impossible complications, and for nationwide customer dialing it is clear
that the code to be dialed must uniquely represent the office which
serves the called telephone and that office only and not be dependent
upon the route to be followed to reach it. In other words, it involves the
development of what is called a destination type code. Another deserip-
tion of this code plan is to say that for toll dialing purposes each tele-
phone in the country (and Canada) must have a distinctive telephone
number different from that of every other telephone.

It is also clear that as a practical matter this number should be based
- upon the local telephone number of the customer prefixed by a minimum
number of digits, following easily understood rules.

To bring this about has involved a very high order of planning. Such
a plan has been perfected and forms currently the basis for the deter-
mination of the coding of all new telephone offices and for changes in
office codes when these are necessary. The development of this is the
subject of Mr. Nunn’s paper.

CUSTOMER TOLL DIALING

When the customer is to dial long distance calls directly without as-
sistance from any operator, two additional requirements are imposed
beyond those necessary for nationwide operator dialing.

1. The customer normally is connected to a local central office but
for the purpose of nationwide toll dialing he must be connected to the
nationwide toll network. At present he does this by dialing a code such
as ‘211" which conneets him with the long distance operator. This pro-
cedure could be continued. However, since the customer must in any
event dial 10 digits for the longest hauls to designate the called telephone,
it is desirable if possible to cut out this preliminary step. That would
mean modifying the local central office equipment so that it would
receive the 10 digit numbers and transmit them on to the toll equipment.
This is a simple undertaking for local central offices using the latest
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type of local central office equipment, called No. 5 crossbar, which was
designed with this in view.” For older types of equipment, the job is
more difficult.

2. The switching equipment must be provided with automatic means
for recording all of the information necessary for charging the call. In
the case of operator dialing this is now done manually by the operator.

Great advances have been made in recent years in the development of
automatic message recording equipment. In 1944 there was placed in
service in California the first installation in this country of automatic
ticketing equipment.® This equipment is associated with step-by-step
local switching cquipment and automatically prints for cach call a
ticket similar to that prepared by the operator with manual operation.
In 1948 there was installed in Media, near Philadelphia, a greatly im-
proved type of message recording equipment in which the information
appears in the form of punched holes in a tape.” This equipment is
much more economical than the earlier system and also lends itself to
the automatic preparation of toll statements or bills,

The present forms of equipment have been designed to be associated
with local central offices. A careful study has been made of their field
of application and of the basic plan necessary to provide for a general
nationwide extension of customer dialing. This indicates that there will
be a large field for automatic message accounting equipment associated
with the toll network and arranged to receive orders for toll messages
from a number of local dial offices. This centralized AMA equipment,
as it is called, is under development and an initial installation will be
made next year in Washington, D. C. In this installation the range of
customer dialing will be limited and certain service features will be
lacking, which it is planned to add later.

The nationwide extension of customer toll dialing involves many op-
erating problems in addition to those relating to the design of the
plant. These problems involve the extent to which customers wish to
dial long distance calls, requiring 10 pulls of the dial, the accuracy of
dialing, the treatment of wrong numbers, provision for giving subscribers
information regarding telephone numbers in distant cities, information
on charges and many other questions.

Recognizing that the best way to develop these questions is a trial,
arrangements were made to open such a trial last fall at Englewood,
N. J. This office is equipped with a No. 5 crossbar system so that arrange-
ments for such a trial could readily be made there. The Englewood
customers are able to dial directly any of about eleven million telephones
in ten metropolitan areas scattered throughout the country, including
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Boston, New York, Pittsburgh, Cleveland, Chicago and San Francisco
and the Bay area.

The results of this trial have been very encouraging. Subscribers are
continuing to dial over 95 per cent of all the calls which can be dialed.
Errors due to wrong numbers are at a minimum and other difficulties
are relatively low. In so far as this trial can answer the questions, the
results are all in favor of the nationwide extension of customer dialing
as the development and installation of facilities suitable for this purpose
make it possible to do so.

In view of the prospect of nationwide customer dialing, fundamental
plan studies are now being made by the Telephone Companies through-
out the country of the whole layout of plant including the distribution
of centralized automatic message accounting equipments with the future
general application of this method of operation. The present indication
is that the number of points at which toll operating centers will be re-
quired will be greatly reduced. This will react in important ways on the
design of telephone buildings, telephone equipment installations and
toll circuit routes.

AUTOMATIC TOLL SWITCHING AND ACCOUNTING EQUIPMENT

All of these plans depend upon the successful development of striking
innovations in toll switching and automatic message accounting equip-
ments. The plans in turn react upon the features to be incorporated
in such equipments and upon the schedule of their development. Mr.
Shipley’s paper, pages 860 to 882, tells about the more important fea-
tures of these equipments and the problems which are involved in their
development.

CONCLUSIONS

Experience with operator toll dialing shows clearly that it provides a
marked improvement in toll service. This improvement will increase as
progress is made toward the full application of the nationwide automatic
switching plan.

The development of long distance dialing by customers is at an early
stage. The results of recent trials, however, indicate that nationwide
customer dialing has service advantages and will generally be received
with enthusiasm by telephone users. It is anticipated, therefore, that
customer dialing will rapidly expand both on a regional and on a nation-
wide basis.

The service advantages of nationwide automatic switching are not
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measured entirely by the increased speed and improved accuracy of
connections. An important factor is the continued ability of the tele-
phone system to meet the rapidly increasing demand for telephone
service without making excessive demands on the available supply of
labor. The development of local dial operation was absolutely necessary
to handle the great growth of local telephoning which has taken place.
Today, in many places, requirements for people for toll operations are
very heavy and an increased amount of automatic toll switching is
becoming more and more necessary to make possible handling the
rapidly increasing number of long distance telephone messages.

With this development there has been a marked increase of employ-
ment. The Bell Companies today employ 244,000 operators compared
with 131,000 in 1941. They have also employed many people to build
and install about 300-million dollars worth of toll dialing equipment,
to construct places to house it, maintain it and carry out operating
rearrangements.

With respect to the future, even with the nationwide automatic switch-
ing plan in full operation and the local central offices arranged to permit
customer dialing, there will still be a large amount of work for operators.
They will be required to handle information and assistance traffic,
person-to-person calls, collect calls and other classes of calls which do
not lend themselves to customer handling, as well as any individual
calls which the customers may not wish to dial themselves.

The Bell Companies have necessarily taken the lead in planning and
applying these new developments. The plans, however, are all laid in
such a way as to include telephone users in Independent Telephone
Company offices. The Independent Companies are being kept fully in-
formed of these plans as they develop and are participating, as the
development of their own plant makes it practicable and desirable, in
extending the benefits of the new forms of operation to their own
customers.

This long-term development has required the very close cooperation
of all parts of the Bell System — American Telephone and Telegraph
Company General Department, Bell Telephone Laboratories, Western
Electric Company, Long Lines and all of the Bell Operating Companies.
Each installation of equipment and circuits and each operation is a
part of a nationwide system and must be closely coordinated. The close
interrelation and working together of the various parts of the Bell Tele-
phone System, research and development, manufacturing, engineering
and operating are necessary for the effective planning and exccution of
this tremendous project.
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Fundamental Plans for Toll
Telephone Plant

By J. J. PILLIOD
(Manuscript received May 15, 1952)

This paper covers the general switching plan and fundamental plant layout
proposed for handling telephone toll messages throughout the United States
and Canada using automatic toll switching.

There has been rapid growth in the number of telephones and in the
volume of toll traffic, particularly long haul. Toll facilities are provided
under fundamental plans, an essential part of which is a toll switching
plan for setting up connections quickly belween any two telephones. The
introduction of mechanical operation and the general improvement in the
transmission performance of the communicalion. plani over a period of
years make the introduction of certain modifications in the fundamenial
plans passible and advantageous at this time. The important new features
and the service improvements which are provided by the proposed plans are
outlined in this paper. The principal types and characteristics of circutt
facilities avazlable for use in the intertoll network are also described.

GENERAL ASPECTS OF TOLL SWITCHING PROBLEMS

Switching plans providing for the systematic routing of toll telephone
traffic have been employed by the communication industry for many
years. These plans have contributed directly to the high quality of long
distance telephone service enjoyed by the public in the United States
and Canada. This generally excellent service is the result of the coopera-
tive work of many organizations including the Bell Operating Companies,
many independent connecting Companies and others in the United
States as well as in adjoining countries. The techniques employed today
reflect a great amount of research and engineering and improvements in
manufacturing skill and in construction, maintenance and operating
methods developed over a period of many years.

Throughout the United States and Canada there are approximately
20,000 different places — cities, towns, and villages — that serve as toll
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connecting points. The telephone offices in each of these places have
access through the toll network to practically all of the 50,000,000 tele-
phones in the United States and Canada and also to most of the tele-
phones in the rest of the world. Currently the Bell Operating Companies
are handling. toll calls at an average rate of over 7,000,000 during a
business day. The many millions of different connection possibilities
which this number of calls involves require a definite and comprehensive
switching plan.

Whenever practicable and economical direct circuits are used to
handle toll message traffic between two given points. Much of the traffic
in the country is handled this way. However, a substantial volume of
business, about 20 per cent, is handled as a matter of economy, by switch-
ing toll circuits together. Although the volume of traffic between different
points may vary over a wide range, it is nevertheless important that
adequate service be provided for all possible connections. For example,
there are about 110 circuits from Chicago terminating in the toll office
serving Minneapolis and St. Paul. These handle about 5500 calls per day.
On the other hand, only a few calls a year may be involved between some
point in Western Minnesota and a point in Florida. The switching plan
described in this paper is devised for the purpose of efficiently and effec-
tively establishing connections between any two points regardless of
their separation and regardless of whether traffic volume be a few calls
per year or many calls per hour.

ELEMENTS OF THE PROBLEM

In order to illustrate the problem a specific example may be useful.
Fig. 1 is a map of Wisconsin and Minnesota on which nearly 1200 circles
indicate points at which exchange facilities may’be connected to the
toll network. The extent of the coverage in this area is typical of that
found throughout the country.

The 150 odd larger circles represent existing offices known as “toll
centers” — that is, places where operators record toll calls and perform
other operations necessary to establish toll connections. These places
have switching arrangements of various types depending on how they
fit into the switching plan. Some may operate as control switching points
in the nationwide plan as described later.

More than 1,000 smaller circles on the map represent “tributaries’” —
that is, towns where little or no toll operating is done. Toll connections
to and from these points are completed at the toll centers which in gen-
eral do the toll operating required.
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In the United States and Canada as a whole, there are approximately
2,600 toll centers. The remainder of the toll connecting points—about
17,500—are tributaries.

Fig. 2 gives an idea of the variety and complexity of the network of
circuit groups required to interconnect the toll centers in one area. Here
each line represents a group of circuits, known as “intertoll trunks,”’
between two toll centers. Each group may contain anywhere from one
to several dozen trunks. The location of the lines on the map is unrelated
to the geographical routing of the trunks, and only a part of the circuit
groups are shown. To get a complete picture one should visualize that a
cluster of relatively short circuit groups radiates from each toll center
to its tributaries, of which there may be up to 15 or more.

Physically, the plant consists of a network of open wire lines, cables
and radio systems. On these, voice frequency or carrier operation is
employed in each section as required to provide the necessary intertoll
trunks. The routes of the lines in Minnesota and Wisconsin are shown
by Fig. 3. In this area there are no radio routes carrying telephone cir-
cuits, but a radio system between Chicago and Minneapolis is in the
planning stage.

Areas like Wisconsin and Minnesota must, of course, be connected to-
gether, and Fig. 4 shows the major Bell System toll routes that accom-
plish this. On a map of this kind it is not possible to include anything
like the detail shown in Fig. 3. One must visualize, therefore, that each
state contains a network of routes generally comparable to those shown
for Wisconsin and Minnesota.

This then represents the interconnection problem to be met by an
orderly switching plan that will provide efficient, reliable and fast toll
telephone service between any two points.

EARLIER TOLL SWITCHING PLANS

Very early in the telephone industry it became evident that: (1)
There must be a plan for connecting circuits together. (2) Switching
centers with suitable equipment must be established in accordance with
this plan. (3) Trunks must be provided in adequate numbers to connect
every place to one or more switching centers and to interconnect the
switching centers. (4) All this must be done in a way that makes it
possible to provide good service at reasonable cost.

As time went on, early plans crystallized into what became known as
the General Toll Switching Plan. A paper presented at the summer con-
vention of the A.LLE.E. in Toronto in 1930 by Dr. H. S. Osborne outlined
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the principles of this comprehensive plan for handling telephone toll
traffic in the United States and Eastern Canada." It involved two classes
of major switching centers — Regional Centers and Primary Outlets — and
some classes of less important centers. It also set up methods of designing
toll trunks to give adequate transmission efficiency on all possible toll
connections. In use for the last two decades this basic plan has been of
great value in accommodating the tremendous growth of telephone toll
business during this period.

SWITCHING PLAN FOR NATIONWIDE TOLL DIALING

The earlier general switching plan was based on manual switching
and on a toll plant made up for the most part, of voice frequency cir-
cuits. The probability of operating irregularities and delays increases
with the number of manual switches in tandem. Likewise, the trans-
mission problem of operating many voice frequency trunks in tandem
was so formidable that the number of intertoll trunks in tandem had
to be limited to five. In practice, switching was avoided where practicable
and economical.

Impact of Mechanization and Improved Transmission Facilities

On the other hand, mechanical switching 1s very fast and is designed
to be practically free of operating irregularities. Delays can be minimized
by fast switching to alternate routes. Also, in the last two decades the
use of carrier has grown from a relatively minor place in the toll plant to
the point where it is now commonplace.? Carrier provides superior trans-
mission performance. Limitations on switching are thus greatly reduced
and economies are achieved under many conditions.

In addition, mechanization of local switching systems has proceeded
rapidly. With mechanized toll switching, it is becoming possible to
establish many toll connections with only a single toll operator and in
some4eases by customer dialing, without the assistance of any opera-
tor.”

Along with these developments has come tremendous growth in traffic.
Since 1930 toll messages in the Bell Operating Companies and the Bell
Telephone Company of Canada have more than trebled, growing from
an annual volume of about 650 million to about 2 billion. Intertoll trunks
over 25 miles in length have increased in number from about 28,000 to
about 100,000. This continuing growth in traffic volume has required a
large scale development of plant facilities and has permitted a more
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extensive use of carrier than would have been practicable with a slower
rate of growth.

- Consideration of these factors which offer an opportunity to improve
service has led to the gradual reorientation of the fundamental plans
for the intertoll trunk plant which is now under way.

The New General Toll Switching Plan

Mechanization of switching and the use of improved transmission
instrumentalities permits the design of the switching plant to be con-
trolled primarily by the balance between the costs of transmission facil-
ities and of switching facilities. .

The new general toll switching plan contemplates as many as eight
intertoll trunks in tandem on the most complex connections to be estab-
lished. These eight trunks can be interconnected at switching points as
described later. The plan further contemplates that wherever possible,
the traffic will by-pass intermediate switching points. The number of
switches that can be avoided depends on the volume of traffic between
the two points concerned and on the traffic load at the time the con-
nection is established.

The proposed plan provides a systematic grouping of switching points.
Under this arrangement, each ordinary Toll Center (T'C) serves a cluster
of nearby tributary points and has trunks to a “home” Primary OQutlet
(PO) which serves a cluster of toll centers. In some cases it appears
practicable to utilize a simplified switching system at a PO, and in order
to distinguish this type of center it has been designated a Tandem
Qutlet (TO). In turn, each PO or TO has trunks to a “home”’ Sectional
Center (SC) which serves a section of the country varying in size from
part of a state to all of several states depending on the density of the
population. Similarly, The United States and Canada are divided into
nine regions, each having a Regional Center (RC) serving as a central
switching point for all sectional centers in the region. One of these RC’s
(St. Louis) is termed the National Center (NC). All of the higher orders
of switching centers also act in the capacity of each of the lower centers.
For example, any specific SC also acts as a PO and as a TC.

This arrangement is illustrated in Fig. 5, which covers approximately
the same area as Fig. 1, portraying the toll connecting routes. Hibbing,
Minnesota, is shown as a representative toll center with the tributaries
it serves. It is in the service area of the Duluth Tandem Outlet, the
approximate boundaries of which are indicated. Duluth lies in the Min-
neapolis “section,” which includes a large portion of Minnesota, and is
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in turn one segment of the Chicago “region” which serves a somewhat
larger area than shown by Fig. 5.

Under this arrangement, toll calls between two tributaries in the Hib-
bing toll center area can be completed by switching at the toll center.
In a similar manner, any two points within the Duluth tandem outlet
area can be served by switching at Duluth. The same treatment also
applies for connections between any two points in the same sectional
center area or in the same regional center area. For example, a connection
from Hibbing to any point within the Chicago region (which involves
more than six states as shown in Fig. 7) requires no more intertoll links
than Hibbing to Duluth, Duluth to Minneapolis and Minneapolis to
Chicago, and a corresponding number of links on through to another
sectional center, and primary or tandem outlet to the toll center desti-
nation. Circuits between the toll center and tributaries are not referred
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showing alternate routing possibilities.
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to as intertoll trunks or lines but are classed as toll connecting trunks.

Where the volume of traffic warrants, direct circuits may be provided
to by-pass the intermediate switching points included in the preceding
example. Once such direct circuit groups have been established, it is
economical and advantageous from a switching standpoint to take
advantage of their existence, using routes that involve a minimum num-
ber of switches. The basic routing plan is used when the more direct
circuit combinations are busy.

These routing arrangements contemplate the application of ‘high
usage” and ‘“final” trunk groups as an integral part of the plan. The
“high usage” groups are direct groups which by-pass the higher order
switching points wherever the routing of the call permits. These “high
usage’’ groups can be engineered to carry high loads per circuit, with an
adequate number of circuits in the “final” groups to take care of prac-

— e
REGION 1 REGION 2
KEY
NC - NATIONAL CENTER O  TC-ORDINARY TOLL CENTER
RC- REGIONAL CENTER —— FINAL GROUP
SC- SECTIONAL CENTER ~=~— POSSIBLE HIGH USAGE GROUP
PO - PRIMARY OUTLET 1,2,3,ETC. N
Y E AB 2 ETe fROUTING SEQUENCES

Fig. 6—Illustration of intertoll routing pattern between two regions.
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tically all overflows from the high usage groups during the heavy traffic
periods. The “high usage” and “final” groups which could be used for
routing calls between Hibbing, Minnesota and Davenport, Iowa are
shown by Fig. 5.

Generalization of the Toll Swilching Plan

The generalization of the arrangements discussed for the Chicago
region is illustrated in Fig. 6. This shows diagrammatically all types of
switching points in two regions and also indicates the relative position
occupied by the National Center in the switching plan. On this chart,
the solid lines represent the “final groups” of trunks, and the dotted
lines represent “high usage” trunks. Examination of this chart will
indicate that the mechanical switching system need perform only rela-
tively simple toll switching operations at the toll centers. At other
points the system must attempt to complete the call over the most
favorable routes, in planned sequence, until the “final”” route is selected.

For example, from a given primary outlet such as POl on a call des-
tined for a toll center in the other region such as TC2, the switching
equipment would attempt to complete the call, in sequence over the
routes marked 1 to 6.

Should Route 6, which is the “final” route, be selected because all of
the trunks in the “high usage” groups marked 1 to 5 were busy at the
time, the switching equipment at the SC would in turn try routes marked
A, B, C, etc., in attempting to complete the call. A fairly complete
pattern of circuit groups is indicated in this illustration. Depending on
the relative locations of the points concerned and the traffic load re-
quirements, certain of the “high usage” groups shown may not exist.
It is expected, however, that most TC’s will have high usage groups to
points other than their “home’” PO’s. Also each PO can be expected to
have high usage groups to sectional centers other than its “home” SC.
All regional centers will'be interconnected with direct trunks, regardless
of geographical location.

Control Switching Points

Because of rapid and complex switching operations required by the
automatic equipment at PO’s and higher order switching points, (SC’s,
RC’s and the NC) these switching centers are called Control Switching
Points (CSP’s).

As covered by a companion paper,® the switching equipment required
at the CSP’s is quite complex. This equipment must have a high degree
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of built-in capability to perform quickly the circuit selection work as-
sociated with the alternate routing features of the switching plan. In
addition, to help provide the transmission margins needed for satisfac-
tory operation of the plan as contemplated, it must be arranged to con-
nect circuits on a four-wire basis rather than on a two-wire basis, the
latter being the arrangement used at most toll centers. The switching
equipment at a CSP must not only provide for connecting one toll cir-
cuit to another; it must also perform the very important function of
tying the toll networks which serve limited local areas together so that
collectively they work as a smoothly functioning nationwide system.
This becomes practicable when there is coordination between the design
of the individual limited networks and the design of the overall system.

The location of control switching points indicated by the nationwide
plan is shown in Fig. 7. This also indicates the home switching center of
higher order associated with each switching point. As the number of
CSP’s increases, the cost of the toll circuit plant decreases because each
CSP can then be located closer to the cluster of ordinary toll centers
which it serves. However, because of the cost of the CSP equipment, it
is necessary to weigh the cost of circuit facilities with the equipment costs
in a way that will result in the minimum overall cost. Certain of the
smaller Primary Outlets are being studied with the view of reclassifying
them as Tandem Outlets (TO’s). A Tandem Outlet occupies the same
relative position in the switching plan as a Primary Outlet but is not a
control switching point. The switching equipment employed is less
complex than that used at control switching points and therefore pro-
vides for only limited alternate routing and does not have all the ad-
vantages of four-wire transmission.

Effects of Customer and Operator Toll Dialing

Customer dialing of short-haul toll calls has been in use, particularly
in metropolitan areas, for some years. A trial of long-haul customer
dialing over the intertoll trunk network and through the switching equip-
ment provided for operator toll dialing was instituted at Englewood,
New Jersey, in the Fall of 1951. The local equipment includes automatic
message accounting and permits Englewood customers to dial directly
to about eleven million telephones in ten metropolitan areas across the
country. A trial installation of customer toll dialing, utilizing automatic
message accounting equipment on a centralized basis rather than at each
local office, is planned for Washington, D. C., in the Fall of 1953. Ini-
tially customers will dial toll calls within the Washington metropolitan
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area and to such points as Baltimore and Annapolis. The favorable
results and general acceptance of the trial at Englewood indicate ex-
tensive application of customer dialing of toll calls as conditions warrant.

The general introduction of customer toll dialing as this becomes
desirable will affect the number and location of ordinary toll centers
since calls handled by operators may be limited to assistance calls and
to person-to-person, collect and others which cannot be customer dialed.
Indications are that toll operation for a number of smaller centers can
be combined as the local service is converted to dial operation with
operator toll dialing.

Studies now in progress indicate that the number of toll centers may
be reduced by one half or more over a period of years in many areas.

Reactions on Toll Plant Layout

The expanded general toll switching plan for nationwide dialing con-
templates a degree of alternate routing far in excess of that used with
the former switching plan designed for manual operation. This change
along with the reduction in toll centers will have a marked effect on the
normal flow of many traffic items through the intertoll network. As a
result the arrangement of the present intertoll trunks will be significantly
modified both in number, routing and terminating points. It is necessary
to take these facts into account in engineering toll plant additions so
that they will lead toward an advantageous layout for future nationwide
dialing as well as meet the needs of the more immediate future. Fortun-
ately, the effect is in the direction of greater concentration of circuits
in main routes so that with the new cable and radio facilities avallable,
over-all economy and better service should result.

TYPES OF TRANSMISSION FACILITIES USED AND INCLUDED IN SWITCHING
PLAN

The domestic toll network is an outgrowth of the demands of the
business and the advance in communication technique over many years.
At present, about 100,000 intertoll trunks over twenty-five miles in
length and many thousand shorter toll trunks are in service throughout
the country. They are provided generally by voice frequency or carrier
frequency facilities. The choice of transmission facility on a given route
is dependent on a number of factors, such as cost, length of haul, number
of trunks in the cross-section, numbers of trunks to be terminated at
intermediate points, the types of terrain to be transversed, storm and
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Fig. 8—Terminal equipment of type-N1 cable carrier system. Provides twelve
message channels with self contained signaling equipment over two pairs of cable
conductors in same sheath.
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Fig. 9—Coaxial Cable. Cross section of cable containing four pairs of coaxials.
Each pair can accommodate one two-way coaxial carrier system.

other conditions affecting service continuity and the transmission re-
quirements of the circuits to be provided.

Voice frequency facilities equipped with repeaters as required are used
on both open wire lines and cables. At voice frequencies it is customary
to derive three trunks known as a phantom group, from two pairs of
open wires or from one “quad” (two pairs) of loaded cable conductors.
In general the use of voice frequency facilities is now limited to shorter
circuits.

Considerations of economy and service improvement led to the intro-
duction of carrier operation into all types of toll plant as rapidly as the
state of the art permitted. This directly affects the toll switching plan
from the standpoint of routing and location of switching centers.

At present, carrier systems use four broad categories of facilities: open
wire, conventional paired or quadded cables, coaxial cable and radio.

Several types of open wire carrier systems permitting from one to
fifteen telephone channels above the frequency band of the voice channel
are now in use. In general these systems are used where trunk cross-sec-
tions are relatively small and where the terrain and weather conditions
make open wire lines economical.

Cable carrier systems at present permit the operation of up to twelve
telephone channels on two pairs of cable conductors. These conductors
may be in one cable or divided between two separate cables, depending
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F1g. 10—Microwave radio relay tower at Cotoctin Mountain, Maryland, on a
New York-Washington radio route. There are 300 message circuits inservice with
more planned.

on the type of carrier system (Fig. 8). Coaxial cable transmission systems
currently provide up to 600 telephone channels per pair of coaxials
(Fig. 9). A new coaxial system, under development, is expected to pro-
duce about 1,800 telephone channels per pair of coaxials.

Most of the applications of radio for toll telephone service now contem-
plated, involve the use of point-to-point microwave systems. By employ-
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ing channeling equipment at the terminals of these systems similar to
that used for the present coaxial system, each pair of radio channels may
provide up to 600 telephone channels. Several pairs of such radio channels
may be operated through the same antennas (Fig. 10).

Radio systems are also useful in some cases where the number of toll
trunks required is moderate, where diversity is desired or where water
or other natural barriers make the provision of wire circuits difficult or
impracticable.

The type of facility to be used on a particular route is sometimes
affected by requirements for other services such as teletypewriter, tele-
vision network facilities, program facilities, private lines and other
factors.

Trend to Carrier Type Facilities and Advantages to Toll Switching Plan

About 70 per cent of the long haul toll message mileage in Bell Operat-
ing Companies is provided on carrier type facilities as contrasted with
7 per cent in 1930 (Fig. 11).

From the transmission standpoint, carrier facilities offer marked ad-
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more extensive use of carrier type facilities.



846 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

Fig. 12—Toll switchboard position with key set used for toll dialing.

vantages. They are inherently of the “four-wire” type which minimizes
the number of possible singing and echo paths on a circuit. Also, the
speeds of propagation over carrier systems are generally higher than over
voice frequency systems thereby further minimizing the echo problem.
These features are of great advantage in reducing limitations on circuit
design and layouts of the general toll switching plan.

Stgnaling Systems

In addition to the ability to carry messages, intertoll trunks must be
provided with suitable signaling facilities.* " These must provide a means
of : first, attracting the attention of the distant point, either an operator
or automatic equipment, to the fact that a connection is to be established;
and second, in the case of dial operation, transmitting coded information
in the form of pulses for establishing the connection; and third, trans-
mitting a general class of supervisory signals including connect and
disconnect signals, on and off switch hook signals, recall signals and
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busy signals which are essential to the efficient operation of the switching
plant. The circuit design contemplated in the overall plan must take
into account this requirement for transmitting signals as well as speech,
to obtain accuracy and speed in setting up and taking down connections.

TRANSMISSION DESIGN ASPECTS OF CIRCUITS FOR NATIONWIDE
TOLL DIALING

The more extensive use of alternate routing together with the increase
in maximum possible number of trunks in tandem associated with nation-
wide toll dialing, tends to increase the problems of assuring adequate
transmission of speech and signals on all possible connections. On the
other hand, the use of four-wire switching at important points and the
definiteness of the routing patterns permit more effective use of the
available facilities and thus tend to simplify the problem. Extensive
studies indicate that on the whole, the new toll switching plan will- make
feasible still further improvements in transmission. This is, of course, a
desirable objective.

Transmission Design of Trunks

With dial operation, the number of trunks in tandem in a given toll
connection may vary on successive calls. To avoid undesirable trans-
mission contrasts and other adverse effects, it is important that every
trunk be designed to operate as closely as possible to the theoretically
correct transmission loss. The problem is complicated by the fact that
the extent to which the echo, noise and crosstalk will limit the perform-
ance of an individual link is not directly proportional to the length of the
circuit. In fact, the minimum loss at which a particular circuit used
singly or in various built-up combinations can theoretically be operated
depends on the number, length and characteristics of the other circuits
connected in tandem with it. Arrangements for precisely adjusting the
loss in the individual trunks for each call would be complicated. Adequate
performance can be achieved however by compromise methods which
provide for automatic adjustments in the loss of each trunk in accordance
with the following:

1. When a trunk is switched to other intertoll trunks at both ends it
is operated at the minimum loss practicable. This loss is known as “via
net loss.” (VNL)

2. When the trunk is switched to another intertoll trunk at one end
only, the loss is increased two db.

3. When the trunk is not switched to another intertoll trunk at either
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end a further loss of two db is added. This loss which is four db greater
than the via net loss is known as “terminal net loss.” (TNL)

The data and methods used in the derivation of the via net loss are
rather complex and not within the scope of this paper.

Asstgnment of Facilities Among Trunks

The definite routing patterns established for the toll machine switching
operation impose more severe transmission conditions on certain classes

of eircuits than on others. For example, a trunk in a “final” group be-
~ tween a TC and a PO can become involved in an eight-link connection,
whereas a trunk in a “high usage” group, say, between a PO and another
PO will not be involved in more than a three-link connection.

This creates a need and provides an opportunity for allocation of the
available facilities among the various trunk groups in a way that will
provide the best overall service. For example, to the extent practicable
it is desirable to assign carrier grade facilities to trunks in “final’”’ groups
that may be involved in connections with the maximum number of links.
Facilities with less favorable transmission characteristics may then be
reserved for trunks in groups that are used for connections involving
fewer links.

TRANSMISSION PERFORMANCE

Table I shows the approximate range of transmission losses between
toll centers under the manual plan compared to ranges that appear
practicable under the proposed fundamental plan, which, of course, per-
mits more links in tandem.

Trunk Transmission Stability

It is as important that the transmission loss of a trunk used in the
contemplated toll dialing network be maintained at or close to its
assigned value at all times as that the assigned value be right. On multi-
switched connections even a relatively small consistent excess or defi-
ciency in the loss in the individual trunks can accumulate to overall
excesses or deficiencies in loss large enough to cause difficulty — by making
it hard for people to hear if the attenuation becomes too great or by
creating excessive echo, crosstalk or noise if the loss becomes appreciably
less than normal.

This subject has been extensively studied for the past several years
and it appears that some changes in practices and the introduction of
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TABLE I—AprProXIMATE RANGE OF LosseEs BErweeN ToLL
CENTERS IN DB

No. of Links in Intertoll

Connection Manual Plan Proposed Plan
1 4-12 4-8
2 8-14 5-12
5 9-20 6-13
8 — 7-13

new methods of measuring results will lead to marked improvements. It
is of some interest that one of the major factors in securing improvement
appears to be the application of a statistical method of evaluating per-
formance along somewhat the same lines as the “‘quality control” methods
used in other fields of industry.

Since, with operator toll dialing only one operator is involved in many
connections and with customer toll dialing there is no operator on the
connection it is extremely important that everything be right. This is
typical of the requirements of any large scale “push button” operation
(Fig. 12).

CONCLUSION

The fundamental plans proposed for Telephone Toll Switching provide
a basis for the progressive mechanization of toll service. The installation
of suitable switching mechanisms at Control Switching Points and the
provision of toll trunks utilizing the new instrumentalities will implement
the toll switching plan. The plan is sufficiently flexible to adjust for
changes in the telephone art as they develop. Also, the plan can fit in
with the requirements of those Companies whose plants connect with
the Bell operating network should they desire to arrange for operator
or customer toll dialing.®

Average speed of service will be improved. The flexibility in plant
design inherent in the new toll switching plan will increase service
security and improve the utilization of the entire toll plant. In addition,
adequate provision is made for the progressive introduction of customer
toll dialing as this becomes practicable and desirable.
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Nationwide Numbering Plan

By W. . NUNN
(Manuscript received May 15, 1952)

In telephone language a numbering, plan gives each telephone in a city,
a town, or a geographical area an identity or designation different from
that given any other telephone in the same area. There is a wide variation
n the types of numbering arrangements in use today in the Bell System,
and this paper giwes the reasons for this diversity, and examples of the
various numbering plans now in use. With the introduction of modern toll
switching facililies and the extension of toll dialing to nationwide scope,
it was realized that an improvement in the method of dialing toll calls to
distant cities was essential in order to realize the maximum speed and
accuracy inherent in toll dialing. A nationwide numbering plan covering the
United States and Canada has been designed. Each of the more than 20,000
central offices in the two countries are to be given a distinctive designation
which identifies that particular office. This designation is to consist of a
regional or area code and a central office code The new swilching equipment
for the key points in the toll network is being designed so that any toll opera-
tor, wherever located, will use the same designation or code for reaching a
gwen office. The combination tnvolved in laying out these areas and the
composttion of the area codes are presented. A total of 152 codes are available
of which approximately 90 are assigned to the present numbering plan areas.
Ultimately each central office will be given a type of number consisting
of an office name and five numerical digits, such as LOcust 4—5678, in
which the first two letters of the office name become the two letlers of the
central office code. The entire program will take a considerable number of
years to realize, but is one which must be accomplished in order to achieve
the best results in operator toll dialing and the ultimate goal of nationwide
customer toll dialing.

In telephone language a numbering plan is exactly what the name im-
plies, a plan or system of giving each telephone in a city, a town or any
geographical area an identity or designation which is different from that
given every other telephone in this same area. This designation is the

851



852  THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

telephone number; it appears in the directory and in most cities on the
telephone instrument itself. It is the address of the telephone in the
telephone network. Just as it is essential for efficient postal and delivery
service to have streets and house numbers clearly marked, it is important
for good telephone service that the telephone numbering plan be such
that it will be used with convenience and accuracy by the telephone
customer.

A telephone number is comprised of two elements, a designation for
the central office to which the telephone is connected and a number
within the central office which identifies one particular telephone from
all others served by that office. If there is only one central office in the
city or town, the office designation is frequently omitted. A dial office is
designed to serve up to 10,000 numbers with a limitation of four digits.
Typical numbers are therefore MAin 2-1234, ADams-2345, 5-6789 and
3456, the office designations being MAin 2, ADams and 5 with the last
four digits in all cases representing the number within the central office.

There is a wide variation in the types of numbering arrangements
in use today in the Bell System. This diversity arises from the fact that
telephone communities vary greatly with respect to the number of
telephones served, ranging all the way from New York City with its
more than three million telephones and three hundred central offices
to small villages and rural communities with perhaps a few score or a
few hundred telephones.

In the 1920’s when the Bell System embarked upon its program of
converting local offices to dial operation each exchange or city was in
general an entity unto itself. Customers dialed local calls within their
own city but all calls involving a toll or multi-unit charge required
handling by operators for timing and ticketing. There was no advantage,
therefore, in making a numbering plan for a given city more compre-
hensive than required to serve the telephones and central offices in that
city with a suitable allowance for the expected growth. Thus there were
formed a multitude of local dial communities, large and small, within
which customers could dial their own calls and connections between these
telephone communities were established by operators.

Over the years these basic numbering plans which were originally
established for local dialing have in many of the cities proved inadequate
to furnish as many office codes as later events have shown are required.
This is due to a variety of causes. The station growth in many places has
outstripped all expectations and the number of central offices required
to serve this unprecedented demand for service consume many more
office codes than the original plans provided for.
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In many places local service areas were changed so that customers
could call into contiguous exchanges at local rates. To enable customers
to dial into these neary-by places the original numbering plans required
expansion to include this increased number of offices. In addition, with
the advance in the telephone art many cities introduced equipment for
automatic charging on multi-unit and short haul toll calls so that cus-
tomers could dial such calls directly instead of placing them with an
operator for completion. In order to enable customers to dial these calls,
it was necessary to expand the original eity numbering plans to encom-
pass wider and wider geographical areas.

In expanding the various types of numbering plans to serve a larger
number of central offices than were originally anticipated, various ex-
pedients were resorted to. In the largest cities having three-letter office
codes a numeral was substituted for the third letter thus very materially
increasing the code capacity from about 325 to about 500 and making it
possible to form a number of codes using the same office name. The name
CANal for example, instead of serving but one office may serve a number
of offices, CAnal 2, CAnal 3, CAnal 4, etc. In the medium size cities
having two-letter codes, expansion meant adding a digit to the code to
all or in some cases to only a part of the offices in the city.

The five-digit places were usually expanded by adding a digit to
some of the numbers so that some of the telephones had five digits and
others six digits in their numbers.

As a result of choosing originally a numbering plan which at the time
seemed adequate and most suitable for the city involved and in many
cases being forced to expand to meet changing needs, we now have in the
Bell System a considerable variety of different numbering plans. These
are given in Table I. The numbering plans given are all adequate to
serve the present local dialing needs for the cities in which they appear.

Having reviewed the numbering plan situation as it exists today in
the various cities and towns, let us turn to the problem of handling toll
calls. Under ringdown operation there is an operator at the outward toll
center where the call originates and another operator at the terminating
or inward toll center. On built-up toll connections there are additional
operators at each intermediate toll switching point. The inward toll
operators, who are familiar with the numbering plans in the offices served
by their particular toll center, can be relied upon to connect to the de-
sired station even though there is uncertainty on the part of the calling
customer or the outward toll operator regarding the precise pronuncia-
tion or spelling of the name of the called office or the particular form of
numbering system used at the called city.
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Under operator toll dialing the inward operator is replaced by dial
switching equipment under the control of the outward operator; hence
the outward operator has no one to rely upon but herself in completing a
toll connection to a distant city. With the present method the operator
dials a code for each circuit group in the connection followed by the
number of the called party which may consist of any number of digits
from three to seven. The operator must refer to her position bulletin or
to a routing operator for the correct circuit group codes unless she hap-
pens to remember them. Where the office to be reached has central office
names, the operator must rely on routing information to determine how
many letters of the name are to be dialed. The great variation in the
number of digits to be dialed on different calls is a source of some dif-
ficulty and confusion to the operators.

The present system of operator toll dialing by which operators use
codes depending upon the routes to reach a desired destination, is a
great improvement over the old manual handling methods. However,
with the introduction of more modern toll switching facilities and the
nationwide extension of toll dialing, it was realized that an improvement
in the methods for dialing toll calls to distant cities was essential in order
to realize the maximum speed and accuracy inherent in toll dialing.

These handicaps in the present toll dialing methods are to be overcome
by establishing a nationwide numbering plan covering the United States
and Canada by which each of the more than 20,000 central offices in the
two countries is to be given a distinctive designation which identifies
that particular office and that office only. This designation is to consist of

TaBLE I—D1rrFERENT TYPES oF NUMBERING PLANS

Place

Directory Listing

Customer Dials

Ordinarily Referred to as

Philadelphia, Pa.
Los Angeles, Cal.

Indianapolis, Ind.
El Paso, Texas

San Diego, Cal.

Des Moines, Iowa

Binghamton, N. Y.

Manchester, Conn.

Winchester, Va.
Ayer, Mass.

Jamesport, N. Y.

LOcust 4-5678
PArkway 2345 and
REpublic 2-3456
MArket 6789
PRospect  2-3456
and 5-5678
Franklin 9-2345
Franklin 6789
4-1234 and 62-2345

2-5678
5678 and 2-2345

3456
629 and 2345

325

LO 4-5678

PA 2345 and
RE 2-3456

MA 6789

PR 2-3456 and
5-5678

F 9-2345

F 6789

4-1234 and 62—
2345

2-5678

5678 and 2-2345

3456
629 and 2345

325

Two-five

Combined two-four
and two-five

Two-four

Combined two-five
and five digit

One letter, four and
five digit

Combined five and
six digit

Five digit

Combined four and
five digit

Four digit

Combined three and
four digit

Three digit
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two elements, a regional or area code and a central office code. Any
outward toll operator, wherever located, will use that same designation
in reaching that office through the dial toll switching network.

In a sense, all of the thousands of offices involved are to be treated
as though they were contained in one huge multi-office city. Toll opera-
tors will use the area code and the office code in reaching an office situated
outside her own numbering plan area, while on calls to points within
her own numbering plan area she will dial only the number as listed for
toll in the directory. In principle the method employed is to divide the
two countries geographically into numbering plan areas and to give
each of these areas a distinctive code. Refer to Fig. 1. Within each of
these numbering plan areas each office will have a code unlike that of any
other office in the same numbering plan area and also unlike any area
code. Hence for toll dialing purposes each office will have an area code
and central office code which will form a combination unlike that of any
other central office in the two countries.

In this geographical division into numbering plan areas, border lines
between states and between Canadian provinces have generally been used
as numbering area boundaries. Since about 500 central offices are the
maximum number which can be served in a numbering plan area, it is
necessary to divide the larger and more populous states and provinces
into two or more areas making, of course, due allowance for growth.
New York state with the largest number of central offices is divided
into six numbering plan areas; Pennsylvania, Illinois, Texas and Cali-
fornia have four areas each. Other divided states have three or two areas
depending upon the number of offices to be served. Approximately 90
areas are being provided, with 14 states and two provinces served by
two or more numbering plan areas, the remaining states and provinces
by one area each.

In fixing the intrastate numbering plan area boundaries of subdivided
states, among other considerations effort was made to avoid cutting
across heavy toll traffic routes in order to have as much of the toll traffic -
as possible terminating in the area in which it originated. The advantage
of arranging the numbering plan areas in this manner is readily apparent
since on this traffic which does not pass an area boundary the area code
is not required. .

Let us now consider the composition of the area codes. As indicated
previously they must be of a type which will enable the switching equip-
ment to distinguish them from the codes of central offices.

On the telephone dial plate letters are assigned only to the dial posi-
tions 2 to 9, inclusive (on some dial plates a Z appears on the 0 position
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but the Z is never used in a central office code), hence any office code
will always avoid a 1 or a 0 in the first two places. The digits 1 and 0
can therefore be used in area codes to distinguish these from office codes.
It is not practical to use them as initial digits of area codes since custo-
mers dial 0 to reach operators and the local dial equipment is arranged to
ignore an initial 1 for technical reasons. A 1 or 0 in the second place,
however, can be employed in an area code without conflicting with any
central office codes or interfering with any existing practices. Accord-
ingly the area codes will consist of three digits with either a 1 or a 0 as
the middle digit, 516, 201, etc. A few codes of this type are now in use,
leaving a practical total of 152 of these area codes available as compared
to approximately 90 assigned to our present numbering plan areas. This
will provide a comfortable spare for additional future numbering plan
areas or possibly for reaching overseas points which may later be in-
corporated into the toll dialing network.

As shown in Fig. 1, states and provinces such as Montana or Alberta
which are contained in a single numbering plan area will have area
codes with a 0 as the middle digit to distinguish them from areas in
divided states such as Texas where the middle digit will be a 1. This is
to enable toll operators to differentiate between the two classifications
of areas. On calls to single area states the operators will always know that
every call to the state in question uses the one area code, whereas on
calls to subdivided states additional information will be required to de-
termine which of the several area codes should be employed to reach the
particular destination. It is proposed to show on the operator position
bulletin the codes of all single area states and the codes of all frequently
called cities in multi-area states. The area codes of the less frequently
called places in the multi-area will be obtained from a routing operator.

Within each numbering plan area each of the 590 or fewer offices
are to be given a three-digit office code which will be different from that
of any other office code in that same area. Ultimately each central office
will be given a 2-5 type of number consisting of an office name and five
numerical digits, such as LOcust 4-5678, illustrated for Philadelphia.
In the larger cities customers will dial seven digits, LO 4-5678, on local
calls to numbers in the same exchange. In many of the smaller places
the customers on local calls will dial only the numerical digits, the office
name being employed for toll dialing purposes only.

Considering the thousands of central offices which now have numbers
other than the 2-5 type and the fact that to change existing numbering
systems is a difficult and often costly procedure, it will be a number of
years before this ultimate objective is realized. As a practical measure,
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therefore, it will be necessary during this interim period, before the
central office names with the 2-5 type of number are established every-
where, to employ for operator toll dialing office codes which in many
cases may not be derived from the customers’ telephone number.

In dialing to a combined 2—4 and 2-5 city, for example Los Angeles,
the three-digit office code for the Parkway office which has six digits in
the local number, will be PAR, whereas to reach the Republic 2 office
having seven digits in the local number, the office code will be RE2.
To call a telephone in Winchester, Va., with only four digits in the local
number, the operator will use a code consisting of numerical digits only,
such as 294 which, of course, must be different from every other office
code in this numbering plan area. To secure the particular office code
to be used in reaching an office where the called number does not furnish
complete information, the toll operator must refer to a position bulletin
or the route operator. This reference work, of course, takes time and
therefore imposes a delay in completing the call.

In addition to giving a distinctive three-digit code to each office
within each numbering plan area, each toll center will also be given
a three-digit code to enable outward operators to reach inward informa-
tion, and delayed call operators at toll centers in distant cities. Calls to
these operators will be routed in the same manner as calls to customers
except that the operator codes will be used instead of a station number
and a toll center code in place of a central office code.

The central office names now in use in the various cities in the System
were chosen, generally speaking, on the basis of their suitability for
customer dialing within the city itself. Many of these names are un-
familiar words to operators and customers in distant cities and the use
of these names contributes materially to the operator dialing errors.
This situation is gradually being corrected by using for new offices,
names from a System approved list and replacing existing names which
experience has shown to be particularly troublesome by names from this
list.

While numbering plans are important in operator toll dialing, they
play an even more essential part in the dialing of toll calls by customers.
Operators can be trained to adapt their dialing procedures to the type
of local numbering system encountered in the called city even though
more time is consumed and more errors result than would be the case
if all telephone numbers were of a uniform type. Customers, however,
could not be expected to follow any plan which requires a variety of
different procedures to be used in reaching different cities. Only a num-
bering system which is readily understandable and which customers find
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convenient to use and one which they can use with a very high degree
of accuracy will suffice. The need for accuracy is readily apparent since
with the customer’s telephone being given access to the intertoll network
without the intervention of an operator, a call which is misdialed can be
routed to a telephone thousands of miles from the desired destination.

At present customer dialing of toll and multi-unit calls is for the most
part confined to situations where the call can be completed by the use
of the number as listed in the directory without any additional digits
being dialed. In a few cases as from Camden, N. J. to Philadelphia and
certain offices in Northern New Jersey to New York City, the code 11
is prefixed to the listed number. In the case of the current trial of cus-
tomer toll dialing at Englewood, N. J., the customers are using area
codes such as 415 for Oakland, California, 312 for Chicago, ete., dialing
only into those cities which now have the 2-5 type of numbering.

From the Englewood experience it can be confidently predicted that
this form of dialing, i.e., an area code followed by a telephone number
consisting of a uniform number of digits, is one that customers will use
with a reasonable degree of convenience and accuracy. The problem
therefore to meet the requirements for nationwide customer toll dialing,
is to establish universally for all central offices regardless of size and loca-
tion a uniform pattern of numbering for toll purposes. The only form of
number completely filling the needs is the 2-5 system, which is that used
in the largest cities today.

Accordingly, in order to implement the program for customer dialing
of toll calls on a nationwide basis, it will be necessary to place all tele-
phone numbers on a 2-5 basis with the code of each office different from
that of every other office in the same numbering plan area. Thus each of
the 50,000,000 telephones in the United States and Canada will have, for
toll dialing purposes, a distinct identity consisting of ten digits; a three-
digit area code, an office code of two letters of an office name and a
numeral, and four digits of the station number within the office. T'ypical
numbers for toll dialing would therefore be 601-CA3-4567 or 317-MA7-
6789. As with operator toll dialing, on a toll call which terminates in the
same numbering plan area in which it originates, the area code will be
omitted and the office code and station number—a total of seven digits
will be used.

With this universal 2-5 type of number, local calls in and about the
larger and medium sized exchanges will be completed by dialing the
entire seven-digit number. For many of the smaller places in the more
isolated sections, 5-digit or 4-digit dialing will frequently be employed
where this number of digits will be adequate for all of the telephones
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in the customers’ local dialing area. For these offices with five or four-
digit local dialing and for offices in the larger places served by certain
types of dial equipment, as they are arranged today, it will be necessary
to prefix the dialing of toll calls by a transfer or directing code to permit
the customer getting from the local office into the toll network.

Independent of the advantages of a universal 2-5 numbering plan
for nationwide operator and customer toll dialing, the Bell System has
made considerable progress in this direction over the past several years.
New York and Northern New Jersey adopted 2-5 numbering in 1930
in order to take advantage of the flexibility of office code assignments
and the large code capacity which this type of local numbering provides.
Since World War II many cities and their environs such as Chicago,
Boston, Philadelphia, San Francisco, Oakland, Pittsburgh, Milwaukee,
Providence and a number of smaller cities have followed suit. Presently
about 12 million telephones are in areas which have 2-5 numbering
exclusively in addition to perhaps two million telephones with 2-5
numbers in mixed 2-4 and 2-5 areas. Another five million telephones
are already planned for conversion to 2-5 numbers within the next
several years. '

The entire program will take many years to realize but it is one which
must be accomplished in order to achieve the best results in operator
toll dialing and make it possible for a customer at any telephone in the
United States and Canada to reach a telephone anywhere in the two
countries by dialing without the assistance of an operator.



Automatic Toll Switching Systems

By F. F. SHIPLEY
(Manuscript received May 12, 1952)

A new automatic toll switching system has been developed by the Bell Tele-
phone Laboratories for use at the most important switching centers for
implementing the nationwide dialing program. The job of performing the
switching functions at such points 1s the most comprehensive ever performed
by any system, requiring a high order of mechanical intelligence. The new
swilching system uses crossbar swilches for the talking connections and fully
exploits the common control principle whereby the equipment used for direct-
ing the establishment of connections through the swiiches is provided in
pools common to the office and is used with high efficiency. To perform the
complicated translating functions a new device called the card translator
has been developed. It uses punched metal cards and an optical system with
phototransistors. Routing changes are made by insertion of previously pre-
pared cards in the machine. The switching system was designed with the
objective of handling long distance traffic dialed by customers as well as
that dialed by operators.

INTRODUCTION

This paper deals primarily with the major switching centers required
for the nationwide automatic switching plan. These are called Control
Switching Points (CSP’s) and are supplied with switching equipment
endowed with great versatility and a high order of mechanical intelli-
gence. Mr. Pilliod’s paper' explains how for purposes of circuit layout
and routing, they are assigned different rankings as follows, starting
with the lowest ranking: Primary Outlets (PO’s), Sectional Centers
(8C’s), Regional Centers (RC’s) and one National Center (NC). Sub-
stantially the same equipment is to be provided for all of these centers
so that they all will have inherently the same capabilities. They will,
however, differ greatly in size. In the United States and Canada, as now
envisaged, there will be somewhat under 100 of these CSP’s.

The system which Bell Telephone Laboratories developed for use at
CSP’s and which embodies all of the features required at those important

860
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switching points is based on the Toll Crossbar System® now in service
and has been constructed by the addition of the necessary CSP features
to the basic structure of that system.

FUNCTIONS OF THE CSP SWITCHING SYSTEM

The system is designed to be suitable for location in either a step-by-
step or a panel-crossbar local area. In addition to the functions required
for operation as a CSP, it must, of course, perform the normal toll switch-
ing functions required of any system for switching the toll traffic charac-
teristic of the locality it serves. These may be stated very briefly.

Ordinary Toll Switching Functions

1. It accepts calls either directly from operators or from senders in
distant offices. In the interest of economy it accommodates itself to the
signaling language the operator’s position or sender is equipped to deliver.
Calls from operators may be either in the dial pulse (DP) or multi-
frequency’ (MF) form. Calls from senders will be in the MF form.

DP pulsing is the decimal type delivered directly by the dial and is
at the rate of about one digit per second. MF pulsing represents a
particular digit by a combination of two out of five frequencies in the
voice range; it uses one of these frequencies in combination with a sixth
frequency to produce a signal indicating the beginning of pulsing, and
a different one of the five in combination with the sixth for an end of
pulsing signal. It is transmitted from senders at the rate of about seven
digits per second. Operators usually key at the rate of up to two per
second,

2. The toll switching system completes calls to various types of me-
chanical toll and local offices and to operators, using the form of signaling
dictated by economy for each call. For distant toll offices and local offices
using step-by-step equipment DP will be transmitted, for other CSP’s
and usually for local crossbar offices MF will be transmitted and at
manual toll offices an operator will be called in either automatically on
seizure of the toll line or by sending a ringing signal over the line, but
no pulses will be transmitted. Forms of pulsing different from either of
these are used for local panel offices and for local manual offices in
panel-crossbar areas.

3. It must transmit signals in one direction for initiating, holding and
releasing the connection and in the opposite direction to indicate to the
originating end when the called subscriber answers and hangs up. These
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signals must be in a form suitable for propogation over the medium
which carries them.

4. Tt must exercise control over the amount of amplification of voice
currents introduced at the switching point so that a proper grade of trans-
mission will be furnished.

All of these functions are performed by toll crossbar systems already
in service. The features that distinguish the new system are those pe-
culiarly characteristic of CSP operation.

CSP Functions

The following features which will be built into the equipment at Con-
trol Switching Points are commonly referred to as CSP features:

1. Storing and sending forward digits as needed.

2. Automatic alternate routing.

3. Code conversion.

4. Six-digit translation.

The first of these features is basically essential for implementation of
the plan. The second produces faster service and important economies
in outside plant. It also provides protection against complete interrup-
tion of service in case of failure of all circuits on particular routes. This
aspect of the feature is so important that automatic alternate routing
may also be considered essential. The other two features are provided
for reasons of economy, and produce economies of such magnitude that
they are very much worth while.

1. Storing and Sending Forward Digits as Needed

The necessity of providing this feature in CSP switching systems
arises from the nature of the numbering and switching plans. The num-
bering plan* is constructed with the objective of using a minimum
number of digits to give each telephone user in the country a distinctive
number.

Numbers delivered to the CSP equipment are in the form ABX-
XXXX if the called place is in the same numbering area as the CSP.
AB represents the first two letters of any office name and X represents
any numeral. If the called place is in another numbering area this set of
digits will be preceded by X0X or X1X. X0X or X1X is the area code,
ABX the local office code, and these are the digits used for routing
purposes. Regardless of the number of switches required to complete the
call, these two sets of code digits are all that will be supplied. They are
universal codes in that they identify specific destinations — any place
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in the United States or Canada — and for a particular destination the
same set of digits will be used wherever the call may originate. All CSP’s
must, therefore, be able to advance a call toward the same place when
the same set of digits is received.

To make use of destination codes possible, each CSP must store the
digits as received and pass along to the next point whatever digits may
be required there for advancing the call. If the next point is a CSP not
in the home numbering area of the called place, the complete ten-digit
number will be sent forward. If it is a CSP in the home numbering area
of the called point the area code will be dropped and the remaining seven
digits will be sent forward. That CSP may in turn complete to a local
office directly, dropping the office code, or through a step-by-step TO
(Tandem Outlet) or TC (Ordinary Toll Center), substituting arbitrary
digits for the area or office code, thereby exercising the third of the listed
CSP features.

2. Automatic Alternale Routing

The system is arranged to offer the maximum number of alternate
routes possible under the switching plan. As explained by Mr. Pilliod,'
a maximum of five alternates will actually be used. This number is possi-
ble, of course, only at PO’s since higher ranking CSP’s have fewer CSP’s
above them in the final chain.

3. Code Conversion

This refers to the ability to substitute one, two or three arbitrary
digits for the area code, the office code or both. It is economically im-
portant to be able to do this because it makes it possible to work with
the step-by-step equipment extensively used in local offices and in toll
offices in TC’s or TO’s without the changes in local numbering plans or
rearrangements — and in some cases extra selectors — required for the
step-by-step TC’s or TO’s to use ABX codes for routing purposes. Even
though eventually all customers are listed as ABX-XXXX and TC’s
are arranged to use the listed number for routing the calls, this will not
be accomplished for some time. Moreover, after such arrangements are
in effect there will still be need for code conversion, particularly for
routing calls through TO’s. Many combinations of digit dropping and
substitution are required to cover all possible cases.

4. Six-Digit Translation

When a CSP receives a ten-digit number it is sometimes sufﬁcient
to translate only the area code digits and sometimes necessary to trans-
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late both the area and office codes. If all points in the called area are
reached by the same route out of the particular CSP concerned the area
code will suffice for selection of the route. If some points are reached by
one route and others by one or more different routes the office code must
also be translated to determine which route should be selected.

BASIC ARRANGEMENT

In the CSP switching equipment talking connections are established
through crossbar switches.’” Incoming and outgoing toll lines and toll
connecting trunks are terminated on crossbar switch frames with linkage
between them to provide full access. The switches are controlled by
equipment common to the office, each item of which is held only long
enough to perform its task in setting up the connection.

The major items of common control equipment are senders, markers,
decoders and translators. The basic functions of the senders are the
same as in other common control systems, i.e., registering incoming
digits and sending them out as directed. A departure from prior practice
is made in the design of the marker. In other crossbar systems the marker
is the principal seat of the mechanical brains. It not only controls the
actual establishment of the connection but also does the translating to
determine what connection should be established and what information
should be passed to the sender for further disposition of the call. In this
system the marker still controls the actual setting up of the connection,
but it acts on instructions received from the decoder where the major
portion of built-in intelligence resides.

The decoder accepts code digits from the sender, translates them,
makes selection of alternate routes and gives instructions to markers and
senders to enable them to carry out their assignments. To do the trans-
lating job the decoder has one, and in some cases two translators perma-
nently associated with it and in addition has access to a common group
of translators called foreign area translators which can be used by all
decoders as required.

The relationship of the principal elements of the system to each other
is depicted in the schematic diagram, Fig. 1.

METHODS OF OPERATION

The manner in which the various elements of the CSP system and the
CSP systems at various locations cooperate to implement the nationwide
switching plan may best be understood by following the progress of a
call which demands the exercise of the characteristic CSP functions.
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Assume an outward operator in Atlanta has received a station-to-
station call for a subscriber in Monticello, Maine, whose number is
ACademy 4-2345, that Monticello is a tributary of Houlton, a step-by-
step T'C, that Bangor is a step-by-step T'O serving Houlton as its home
TO and that the circuit groups provided are as indicated in Fig. 2. The
dotted lines represent high usage groups and the solid lines final groups.

The Atlanta operator plugs into a tandem trunk to the toll crossbar
system in Atlanta, thereby causing a sender to be attached to the trunk
through the sender link frame. This causes a lamp signal to be displayed
to the operator, indicating that she may key the number. She keys
207-AC4-2345 plus a start signal (signifying end of keying) into the
sender and leaves the connection to handle other calls. She will give this
call no further attention until the lamp associated with the cord circuit
used in establishing it signifies either by flashing that the call was not
completed due to a busy condition of the called line or to circuit conges-
tion, or by going dark that the called subscriber has answered and she
should start timing the call.

As soon as the area code, 207, is received by the sender it calls for a
decoder and gives it the code. The decoder, by means of a self-contained
translator finds that the area code is sufficient for routing purposes, that
the first choice route is by way of Boston, the second New York and the
final St. Louis. Without consulting other circuits it will know in which
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Fig. 1—Schematic diagram of crossbar switching system for CSP’s.
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of these groups an idle circuit may be found. Let us assume that the
circuits to Boston are all busy but there are one or more idle circuits in
the New York group. The decoder calls for a marker and tells it which
group of leads to test, and also causes the sender to be connected to the
particular marker it has selected.

The marker, following instructions from the decoder, is connected to
the appropriate trunk block connector. This is one of a group of common
circuits giving access to “blocks” of trunks for allowing the marker to
locate an idle trunk. The marker examines the test leads of the individual
toll lines to New York and as soon as it has selected an idle circuit it
so informs the decoder. The decoder then tells the sender to send all
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Fig. 2—Call from Atlanta, Georgia to Monticello, Maine.
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digits forward by MF and leaves the connection to accept another call.
This information is relayed from the decoder to the sender by way of
the marker. The work time of the decoder has been in the order of a half
second.

The marker determines the identity of the frames on which the in-
coming and outgoing circuits are located, finds an idle path between the
two circuits and sets up the connection. After checking the path through
the switches to be sure that there are no troubles it notifies the sender
that its task has been completed and then leaves the connection. Its
work time has also been in the order of a half second.

In the meantime other digits have been coming in to the sender but
it does not wait for all of them to arrive before advancing the call. When
the marker selected the circuit to New York a signal was immediately
sent forward to summon a sender in the New York switching system.
The process of attaching the sender in New York was carried on con-
currently with the establishment of the connection through the switches
in Atlanta.

When the New York sender is attached a signal is sent to the Atlanta
sender to advise it that pulsing may proceed. It immediately sends the
area code 207 to New York by MF pulsing and follows it with the
remaining digits of the called number, AC4-2345, as they are received
from the operator, ending with a start pulse, and then leaves the connec-
tion. All common control equipment in Atlanta is now free.

In New York, as soon as the Maine area code is received it is submitted
to the decoder. Upon examination of the code the decoder finds that it is
insufficient for routing purposes. New York has a direct circuit group
to Portland over which traffic to some offices in Maine is routed, but
other offices are reached through Bangor by way of Boston. In order to
determine which route to take the decoder must know what office is
desired. It, therefore, gives the sender a signal saying “come again when
you have six digits” and leaves the connection. When the sixth digit
arrives the sender again calls for a decoder and gives it the complete
code 207-AC4.

The decoder again translates the area code, which now directs it to the
foreign area translator which serves the Maine area, and submits the
complete code to that translator. From the ensuing translation it learns
that the route.is by way of Boston and that all digits should be sent
forward by MF. It then calls for a marker and releases the foreign area
translator.

Subsequent operation is the same as previously described for Atlanta
and the complete ten-digit number now arrives at Boston. At that point
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both codes are again translated since Boston also has a choice of routes
to Maine, and the route to Bangor is selected. The translating equipment
in Boston knows that Bangor is in the Maine area and that the area
code will, therefore, not be needed. However, since Bangor is a TO
having no senders, the Boston sender must pulse forward all of the
digits needed to complete the call through switches in Bangor, Houlton
and Monticello. It is assumed that Houlton is arranged to route the call
to Monticello on receipt of the digits AC4. Numerical digits 2345 will
route the call through the Monticello switches to the called customer’s
line. These digits are all registered in the Boston sender but the digits
required to switch the call through Bangor are not and must be supplied.
An arbitrary set of digits beginning with ‘‘1°’ can be used for this purposc
since no office code begins with “1”” and there will, therefore, be no
conflict.

The decoder in Boston, therefore, gives the sender the proper set of
arbitrary digits, say 16, to be placed ahead of the office code AC4. The
sender sends forward by the DP method 16-AC4-2345 driving switches
in Bangor, Houlton and Monticello to the called subscriber’s line, and
ringing starts automatically. The talking connection is now established
and the common control equipment at all intermediate points is free.

When the called subscriber answers, the Atlanta operator’s cord lamp
is extinguished. When he hangs up the lamp lights to denote end of
conversation. The removal of the operator’s cord automatically releases
the entire connection, the release of each link causing the next in line to
release. .

In setting up this call all of the characteristic CSP features were em-
ployed, automatic alternate routing in Atlanta, six-digit translation in
New York and Boston, digit storing and variable spilling at all CSP’s
with substitution of arbitrary digits for the area code at Boston.

TRANSMISSION

“ All talking connections through the CSP system are made on a four-
wire basis, that is, separate pairs of conductors are provided for trans-
mission in the two directions. This is done in order to simplify the
problem of maintaining satisfactory balance so that the loss introduced
by extra links in a connection can be held to a minimum value. The
importance of this feature is emphasized by the fact that the switching
plan permits as many as eight intertoll trunks to be connected in tandem
for the completion of a call.

The advantages of four-wire switching were fully explained in the
paper” on the toll crossbar system now in service.
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SIGNALING

In following the progress of the call from Atlanta to Monticello, Maine,
it was observed that besides the transmission of information in the form
of digits it was necessary to pass a number of control and supervisory
signals over the toll lines. These included seizure and disconnect signals:
in the forward direction and switchhook supervisory signals and sender
attached signals in the reverse direction. On some calls it is also necessary
to send flashing signals to indicate busy lines or trunks and ringing signals
in either direction when operators are called in at intermediate or termi-
nating points to assist in establishing connections.

For the early toll dialing installations the signaling method most
widely used was the composite method whereby signaling channels for
the three circuits of a phantom group are derived from three of the
conductors with the fourth being used for earth potential compensation.
Direct current is used for signaling. This is a simple, reliable and eco-
nomical method of signaling and will continue to be used on circuits
where it can be applied.

Where circuits are obtained from carrier systems, however, conductors
are not available in sufficient numbers for signaling channels and other
methods must be employed. Since carrier is used almost exclusively on
the long haul eircuits it was necessary to provide a signaling system to
accompany it before toll dialing could be expanded beyond networks of
limited range. To meet this situation a system® using a frequency of
1600 cycles was developed and has been in service since 1948. Signaling
is done by application and removal of the 1600-cycle signaling current.
The system is used in the same manner as the composite signaling
system, to carry dial pulses as well as supervisory signals when used on
circuits that require it. The set of leads brought out of the signaling unit
are identical in function to those brought out of the composite signaling
unit so that toll line relay circuits will operate in the same manner with
either type of signaling.

Since 1600 cycles is in the voice range the signaling current can be
carried over the same channel that carries the speech current but the
signaling circuits must, of course, be protected against false operation
due to speech and precautions must likewise be taken to insure that the
signaling tone does not interfere with speech. Protection against inter-
ference between signaling and speech is more difficult at 1600 cycles than
at higher frequencies because there is more energy in voice currents at
the lower range. That value was chosen, nevertheless, so that it would
be possible to operate over the narrow band circuits that were estab-
lished to relieve shortages occasioned by the war.
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A new 2600-cycle system to be used only on the broader band circuits
has since been developed. It is simpler and more economical than the
1600-cycle system. The older carrier systems, having been designed when
practically all toll operation was by the ringdown method, made no
provision for signaling since that was all done by short applications of
the 1000 cycles when there was no speech on the line. Some of the new
carrier systems for short haul applications are designed to provide their
own signaling channel for each voice channel.

PRINCIPAL ELEMENTS OF THE CSP SYSTEM
1. Crossbar Switch Frames

Crossbar switches are used for incoming and outgoing link frames
on which the trunks (both toll lines and trunks to and from local offices
and switchboards) are terminated, and for sender link frames used to
give trunks access to senders. These frames are similar to those in the
toll crossbar systems now in service. Since they have been described in
a previous paper’ they will be passed over with only a mention of their
capacity.

Each incoming or outgoing link frame normally has terminals for 300
trunks. As many frames are provided as required for the size of the office.
In the smaller offices one train of switches with complete interconnection
of incoming and outgoing frames is provided. In the larger offices two
trains each with its own set of markers are provided. When this is done
the incoming trunks are multipled to both trains and an extra build out
bay is provided on the incoming frame to provide 400 terminals per
frame. Since each train has a theoretical limit of 40 incoming and 40

" outgoing frames the maximum size of an office is theoretically 80 of each.
Practical considerations, however, such as the number of markers that
can be efficiently operated in a group and the maximum size office it is
feasible to operate as a single administrative unit will limit an installa-
tion to about 60 incoming and 60 outgoing frames.

The sender link frame gives 100 trunks access to 40 senders.

2. Senders

Two separate groups of incoming senders are provided, one to receive
DP and the other MF pulsing. Whether the system is installed in a
step-by-step or a panel-crossbar area both groups of senders will always
be needed. MF will be received from senders in other CSP’s and from
switchboard positions. DP will be received from switchboard positions
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at TC’s not equipped to send MF and in some cases from dialing A
boards in the local area of the CSP itself.

Aside from the type of pulses received the functions of the two senders
are identical. They have a capacity for receiving and sending eleven
digits. They must register arbitrary digits given them by the decoder
and send them out as directed. They will send out digits by either the
DP or the MF method as required to control switches in distant offices,
and in some installations will also send digits to an outgoing sender in
the same office by the de¢ key pulsing method, which employs direct
current in various combinations of value and polarity through a pair of
conductors.

When the CSP is in a panel-crossbar area a group of outgoing senders
is provided to transmit either the type of pulses required by the equip-
ment in local panel offices or the type used to reach manual offices.

3. Markers

The marker has been stripped of its usual translating functions and
performs most of its duties on instructions from the decoder. It is told
what leads to test for idle circuits and where they are to be found in the
trunk block connector, but having found an idle circuit it carries on the
process of setting up the connection independently of the decoder.
Having contact with both the incoming and outgoing trunks through
connecting circuits, it determines what frames they are located on, con-
nects itself to those frames, selects a path through them and sets up the
connection.

In a single-train office one group of markers common to the office is
provided. In a two-train office there is a group of markers associated
with each train of switches.

4. Decoders

A single group of decoders serves the entire office whether one or two
trains of switches are provided. An important element of the decoder
is the translator which will be discussed separately.

The decoder contains several hundred relays. A large group is used for
registering the information furnished by the translator. Others use this
information to control the action of the markers and senders.

One group of decoder relays which is of particular interest is the array
used for automatic selection of alternate routes. It is composed chiefly
of one relay for each CSP to which the office has a direct group of toll
lines. The relays are arranged in an orderly pattern simulating the
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pattern of the CSP network for the country as seen from the CSP
concerned and are interconnected in a pattern of progression correspond-
ing to the fixed order of alternate route selection. Group busy leads from
the toll line groups are connected to the contacts of the relays in such a
manner that if a group is busy the relay corresponding to the next choice
route in the chain will be operated. In this way the lowest choice route
having an idle circuit will be speedily selected without testing individual
trunks of separate groups. The decoder learns from the translator which
relay in the array to operate first and the choice of the best route avail-
able follows automatically. The principle will be readily understood by
reference to the simplified sketch in Fig. 3. Contacts not shown on the
relays cause the translator to select the route corresponding to the last
relay operated in the chain.

5. Translators

The magnitude of the translating job for nationwide dialing led to the
decision to develop a new translator operating on a principle radically
different from that employed in other crossbar systems. In previous
systems translation is done by relays. The code digits — never more than
three — operate a group of relays which cause a single terminal corre-
sponding to the code to be selected. A cross-connection is made between
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Fig. 3—Alternate route array for the decoder at a sectional center.
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Fig. 4—Card translator.

the code point and a route relay associated with the trunk group to be
selected. The route relay has a number of contacts which are cross-
connected to supply the information required for proper routing of the
call. When changes in routing or equipment location of trunks within
the office are made it is necessary to change cross-connections.

With the nationwide dialing plan in operation routing changes or
opening of new offices in one part of the country will necessitate trans-
lator changes in many offices, some of them far removed from the scene
of the event that forces them to be made. The changes in any one CSP
will, therefore, be frequent and to make them by running cross-connec-
tions would be cumbersome and expensive. The new translator uses
punched cards instead of relays, making it possible to effect changes by
the simple process of removing old cards and inserting new ones in a
machine. This can be done in a very short time and not only saves labor
but requires less out-of-service time for the equipment. Fig. 4 is a photo-
graph of the machine.

A metal card about 5 by 10% inches is provided for each area code
and also one for each office code that must be translated in a particu-
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lar CSP, the cards representing destinations. The capacity of a single
machine is about 1000 cards. The cards are lined up in a box as in a filing
drawer, with tabs along the bottom of the card resting on select bars
which run the length of the box. One-hundred and eighteen holes are
punched out in all cards in fixed positions so that in the normal condition
118 tunnels are formed from one end to the other. A light source at one
end of the box shines through the tunnels upon phototransistors (Fig. 5)
at the other end but the phototransistors are disabled until, concurrently
with the dropping of a card, voltage is applied to them.

All tabs along the bottom of the card are cut off except those which
serve to identify the particular card. When a code is presented to the
machine a combination of select bars corresponding to the code is

Fig. 5—Transistor.
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lowered. The card having all tabs cut off except those resting on the
lowered bars will drop but all other cards will remain in place. If nothing
further were done the droppingof the card would cut off all light channels
but on each card some holes are enlarged and through these holes the
light continues to shine, energizing the corresponding phototransistors.
The combination of enlarged holes furnishes all of the information needed
for routing the call to the destination represented by the card.

Tig. 6 shows the functions of the various groups of tabs and holes.
The designations will not appear on the actual card. Fig. 7 is a photo-
graph of an actual card prepared for use.

a. Selecting Tabs — Input Information. The sole use of the information
presented to the card translator is to enable it to select the proper card.
The information presented is in the form of code digits with accompany-
ing indications of their nature. The information is recognized by cutting
off tabs along the bottom of the card in proper combinations.

The groups of tabs labeled A, B, C, D, E and F are for the six code
digits. For each digit used two tabs are left since the digits are registered
in the sender on a two-out-of-five basis and the leads from the sender
will operate the select bars directly. If the card represents an ordinary
three-digit code all tabs will be cut off except two each of the A, B and C
tabs, two of the four CG tabs and perhaps either the VO or NVO tab.
The CG (card group) tabs are used in combination to indicate three-
digit, six-digit and alternate route card groups. The VO and NVO (via
only and not via only) tabs are used when the group of toll lines over
which the call will be routed is divided into one subgroup of a trans-
mission grade suitable for only terminal traffic and another subgroup
for either terminal or switched traffic. If the card represents an ordinary
six-digit code two tabs will be left in each of the digit positions, and a
different pair in the CG group.

b. Punch Holes— Output Information. The output information from
the card translator is recognized in the decoder and marker by relays
operated in the combinations set up by enlargement of associated holes
in the card. The output from the phototransistors is amplified by other
transistors to fire cold cathode tubes which in turn operate the relays.

The pretranslation group on the top line of Fig. 7 indicates how
many digits the sender must supply for a complete translation. The
term “pretranslation’ implies that further translation is required. This
is not always true. In many cases only the first three digits need to be
translated and all information needed for routing the call is supplied by
this card. In many cases the six digits of the area and office code are
needed and the routing information will be on another card to be selected
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Fig. 7—Punched card.

later. For certain calls such as calls to operators only four or five digits
are needed. These are treated as six-digit calls by having the sender
supply the extra one or two digits to fill the complement. The NCA hole
enlarged means “no come again”’, that is, three digits are sufficient, and
translation will proceed. The other holes enlarged mean respectively
“come again when you have four, five or six digits”, and no further
translation is done until the sender comes back a second time, prob-
ably to a different decoder, with an indication that it has the required
number of digits.

The OGT appearance holes are used in a two-train office to tell
which train the outgoing trunk appears on and enable the decoder to
select a marker in the proper group.

The remaining holes on the top lines are for controlling operation of
traffic meters.

The translator box number holes in the second line are punched on the
area code cards to indicate which machine contains the individual cards
for the called area when six-digit translation is required.

The IND1 hole in the second line and the IND2 hole in the fourth
line are index holes and are never enlarged. Any card that drops will
always cut off the light through those channels. This serves as an indica-
tion that a card has actually dropped and that the phototransistors
associated with the other holes should be prepared for action. The index
holes also aid in trouble detection and in proper disposition of calls
where cards are deliberately omitted or where operators have dialed
a blank code in error.
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The class holes indicate such things as type of pulsing and nature of
the signaling channel used on the trunk group out of the office.

The area code control holes in the third line are to tell the decoder
what to do about dropping or spilling forward an area code registered
in the sender or supplying an area code when none is registered. This
information is needed primarily in connection with alternate routing.

The alternate route pattern number holes tell the decoder at what
point to enter its chain of alternate route relays for the first choice
alternate. Provision is made for a maximum of 100 entry points.

The holes on the fourth line are for making proper disposition of calls
when no ecircuits are available on any routes, telling how many digits
to expect on certain calls and other items of a detailed technical nature.

The code conversion holes on the fifth line supply the arbitrary digits
to replace code digits on calls routed through step-by-step TO’s or
TC’s. Provision is made for one, two or three digits as required.

The variable spill control holes in the sixth line tell whether to spill
all digits received, skip the first three code digits or skip six code digits.

The remaining holes define the location on the equipment of the test
leads for the trunk group over which the call will be routed.

The notches around the edges are used for proper positioning and re-

moval of cards.
- An individual card is removed from the stack by first keying the code
to cause it to drop so that it may be identified. Since a card can easily be
located in this manner it is unnecessary to keep cards in any ordered
position in the box.

At least one translator is provided in every decoder. It contains the
cards for all offices in the home numbering area of the CSP, for certain
operator codes, the single three-digit card for each toll numbering area
and a card for each toll line group out of the office that can be used as
an alternate route. If there are other areas to which the volume of traffic
is very high and for which six-digit translation is required the cards for
those areas are put in a second machine in each decoder. Cards for other
areas are put in foreign area translators common to the office and acces-
sible to all decoders on a one-at-a-time basis. An emergency translator
is provided to permit removal of all cards to it from any translator which
may require prolonged repair work.

6. Traflic Control Panel

The traffic control panel is located in the operating room. The equip-
ment in it consists of a key for each group used as an alternate route.
When a particular key is operated no alternate routed traffic will be
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offered to the group represented by it nor to any group above it in the
fixed alternate route pattern. This is done to relieve offices which are
overloaded by either unforeseen or predicted traffic peaks.

MAINTENANCE

The maintenance facilities for the new CSP system are basically
similar to those of the older toll crossbar system with the necessary ad-
dition of equipment to test the new features introduced. The sender test
frame is, of course, obliged to test the CSP features added to the sender
and the trouble indicator frame is changed to operate with the new
decoders, translators and markers.

In place of the lamp trouble indicator the new trouble recorder in-
troduced with the latest local crossbar system’ is used. Whenever trouble
is encountered it punches on a card a record of the circuits involved and
of the important events that had occurred in the progress of the call,
as an aid to the maintenance man in locating the trouble. A sample
trouble recorder card is shown in Fig. 8.

Automatic equipment for testing the operation and transmission fea-
tures of intertoll trunks has also been designed both for the older sys-
tems and for the new CSP system.

SWITCHING ASPECTS OF CUSTOMER TOLL DIALING

In the course of developing the switching system for CSP’s the re-
quirement for handling long distance traffic dialed by customers as
well as that dialed by operators was kept in mind. The trial of long dis-
tance customer dialing now in progress in Englewood, N. J., confirms
the soundness of the basic plan and exemplifies the principles involved
in full realization of the plan. With a toll network laid out to accept a
distinctive ten-digit number for any telephone in the country and route
it to the proper destination, the remaining tasks to be performed are to
provide for delivery of the number to the toll network from the cus-
tomer’s dial instead of from an operator and to provide an automatic
record of the call for charging purposes.

In Englewood both tasks were quite easily performed. The Englewood
local office equipment is of the most modern type’ and includes AMA®
facilities. When it was in the development stage the ultimate requirement
for nationwide customer dfhling was foreseen and provision was made
for expanding the digit capacity of the switching equipment at small
expense. Also the designs of the accounting center were such that corre-
sponding changes could readily be made. In the new local office switching
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system, arrangements were included for sending forward the complete
number, as received, to the toll office by MF pulsing. The system was
also designed to be capable of automatic alternate routing and this
feature is used in the trial.

Expansion of the program will, of course, demand that similar ar-
rangements be provided for the older types of local switching systems
already in service. More extensive modification will be required to make
them capable of giving the customer the same service. For them, as for
the most modern system, however, AMA equipment is admirable for
recording the information necessary for charging for the calls.

The requirement for customer toll dialing that senders (or directors)
and recording cquipment be provided has a bearing on the type of
equipment used at TC’s and TO’s. For calls handled by operators and
for calls received by the customers through such offices the only disad-
vantage of step-by-step equipment without senders at those points is
that the CSP equipment at other points must be somewhat more com-
plicated and expensive than it would otherwise need to be. But with
customer dialing, if senders and recording equipment are not provided
either in the local office or in'the TC or TO, the calls must be routed by
the most direct means possible to a CSP where such equipment is pro-
vided. Thus some advantages that might be gained from having them
at the TC or TO would be lost:

1. In some cases an indirect route to the CSP would need to be taken
for the sole purpose of recording the call. For example, a call which
might normally be switched from a TC through a TO to another TC
would need to be connected to the CSP for making the record.
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2. There 1s no operator at the TC or TO to select an alternate route
and with the equipment there incapable of automatic alternate routing
the economies and service protection inherent in the alternate routing
procedure would be lost.

If step-by-step toll switching equipment is already provided at a
TC or TO, senders (or directors) could be added, making it in effect a
common control switching system. This measure would permit auto-
matic alternate routing and the further addition of recording equipment
would eliminate the indirect routings for recording purposes.

A further benefit from having common control equipment in TC’s
or TO’s can be realized in some instances. When a customer is served by
a local office that has no senders he must dial one or more directing digits
(probably three digits) ahead of the seven or ten-digit number in order
to get to an office where senders are provided. It is, of course, desirable
to avoid this extra burden on the customer. Where the equipment in a
TC or TO can be used in common for switching local and toll traffic
the customers whose lines are terminated in that office will be dialing
directly into senders, if the equipment uses common control, and will,
therefore, benefit in that they will not have to dial directing digits.

CONCLUSION

The new system was designed to implement the nationwide switching
plan, which integrates the switching network of the entire nation into a
single unit. This switching job, requiring a high order of mechanical
intelligence, is the most comprehensive ever performed by any system.

The skillful manipulation of code digits enables the provision of a
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numbering plan covering the entire country with a minimum number of
digits to give each customer a distinctive number. It also obviates the
need for extra expense to make step-by-step toll offices satisfactory
operating elements of the plan in those locations where CSP features are
not essential.

The automatic and almost instantaneous selection of alternate routes
makes it possible to give virtual no-delay service without greatly in-
creasing the cost of outside plant and to make multi-switch connections
at a speed comparable to that for local service.

The translating equipment simplifies administration of the plan which
demands coordination of activities on a nationwide basis.

The numbering plan, the switching plan and the CSP equipment which
implements them make it feasible to offer nationwide dialing service
to customers without the aid of operators when automatic charging
facilities and local office switching arrangements for handling the three
extra digits of the national number are provided. It will be readily ap-
preciated that so far as the CSP switching equipment is concerned it is
immaterial whether the digits it receives come from an operator or from
a customer. The call will be routed to its destination and supervision
for charging purposes will be furnishes in the same manner in either
event.

The new system represents an important step in the process of con-
tinually improving the long distance switching methods of the Bell
System with consequent improvement of the service to all telephone
customers in the United States and Canada.
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Mathematical Theory of Laminated
Transmission Lines—Part 1

By SAMUEL P. MORGAN, JR.

A mathematical analysis is given of the low-loss, broad-band, laminated
transmission lines proposed by A. M. Clogston, tncluding both idealized
parallel-plane lines and coaxial cables. Part I deals with “Clogston 17’
lines, which have laminated conductors with a dieleciric, chosen to provide
the proper phase velocity for waves on the line, filling the space between the
conductors. Part II will treat lines having an arbitrary fraction of their
total volume filled with laminations and the rest with dielectric, and will be
concerned in particular with “Clogston 27 lines, in which the entire propaga-
tion space 1s occupied by laminated material.

The electromagnetic problem s first formulated tn general terms, and then
spectalized to yield detailed results. The magjor theoretical questions treated
tnclude the determination of the propagation constants and the fields of the
principal mode and the higher modes in laminaled transmaission lines, the
choice of oplimum proportions for these lines, the calculation of the fre-
quency dependence of attenuation due to the finite thickness of the laminae,
the increase in loss caused by tmproper phase velocity (dielectric mismaich)
in Clogston 1 lines and by nmonuniformity of the laminaied material in
Clogston 2 lines, and the effects of dieleciric and magnetic dissipation.
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I. INTRODUCTION

A recent theoretical paper! by A. M. Clogston presents the very
interesting discovery that under certain conditions skin effect losses in
the conductors of a transmission line at elevated frequencies can be
much reduced by laminating the conducting surfaces, parallel to the
direction of current flow, with alternate thin layers of conducting and
insulating material. The requirements are that the thickness of each
conducting layer must be considerably smaller than the skin depth in
the conductor, and the phase velocity of waves on the transmission line
must be held very close to a certain critical value, which depends on the
relative thicknesses and the electrical properties of the conducting and
insulating layers. Under these conditions the ‘“‘effective skin depth” of
the laminated surface is greatly increased; in other words, the eddy cur-
rents induced by a high-frequency alternating field will penetrate much
farther into such a laminated structure than into a solid conductor, with
consequent marked reduction of ohmic losses in the metal. The metal
losses can also be made to vary much less with frequency, over a fixed
band, than the ordinary skin effect losses, which are known to be very
nearly proportional to the square root of frequency.

Clogston goes on to show that a laminated material composed of
alternate thin conducting and insulating layers may itself be regarded
as a transmission medium. For example, if the space in a coaxial cable
which is ordinarily occupied by air or other dielectric be filled with a
large number of coaxial cylindrical tubes which are alternately conduct-
ing and insulating, the cable will propagate various transmission modes,
and under the proper circumstances some of these modes will exhibit
lower attenuation constants than the transmission mode in a conven-
tional coaxial cable of the same size at the same frequency.

Experimental verification of Clogston’s theory of laminated conductors
has been obtained? at the Bell Telephone Laboratories, and the trans-
mission properties of a line filled with laminated material have also been
measured at these Laboratories and found in reasonable agreement with
theory. However experiments with structures as complex as those pro-
posed by Clogston are by no means simple, and the experimental work
on laminated conductors is still in an early, exploratory stage. Inasmuch
as the experiments are necessarily time-consuming, it has been thought

1'A. M. Clogston, Proc. Inst. Radio Engrs., 39, 767 (1951), and Bell System Tech.
J., 30, 491 (1951). References will be to the Bell System Technical Journal article,
although except for equation numbers the two papers are identical.

2 H.S. Black, C. O. Mallinckrodt, and S. P. Morgan, Jr., Proe. Inst. Radio
Engrs., 40, p. 902 (1952).
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desirable to carry out simultaneously as complete a theoretical treat-
ment of Clogston-type transmission lines as possible. Clogston’s original
paper brought out the fundamental ideas by analysis of idealized trans-
mission lines bounded by infinite parallel planes. The present paper con-
siderably extends the theoretical analysis of parallel-plane systems, and
also treats laminated transmission lines bounded by coaxial circular
cylinders, which are of course the structures of practical engineering
interest.

Part T of this paper deals with both plane and coaxial lines having
laminated conductors and having the space between the conductors filled
with a suitable main dielectrie, which may so far as the theory is con-
cerned also be a nonconducting magnetic material. Structures of this
type are called “Clogston 17 transmission lines. Although in principle
the total space may be divided between the main dielectric and the
laminated stacks in any desired ratio, we suppose in Part I that the
width of the main dielectric is several times the total thickness of the
laminations. When this is true, the principal mode fields in the main
dielectric are almost identical to the fields of the transverse electro-
magnetic (TEM) mode between perfectly conducting planes or cylinders.
The phase velocity is controlled by the properties of the main dielectric,
while the attenuation constant is determined by the surface impedances
of the laminated boundaries (and the dissipation, if any, in the main
dielectric). The calculation of the surface impedance of a laminated plane
or cylindrical stack is reduced, using the generalized impedance concept
developed by Schelkunoff, to the calculation of the input impedance of a
chain of transducers with known impedance elements, the chain also
being terminated in a known impedance. We are thus able to employ the
language and the results of one-dimensional transmission theory to solve
our three-dimensional field problem.

In the remaining sections of Part I we introduce various simplifying
approximations and special assumptions into the general equations in
order to obtain simple and explicit results. We first calculate the propa-
gation constant and the field components of the principal mode under
the assumption that the individual conducting laminae are extremely
thin compared to the skin depth at the operating frequency, and show
that the attenuation constant is substantially independent of frequency
so long as this assumption is valid. We then give formulas for the reduc-
tion of the effective skin depth in the stacks and the consequent increase
of attenuation with frequency when the laminae are of finite thickness.
Next we investigate the cffcet of varying the phase velocity of the line
away from the optimum value given by Clogston; and in the last section
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we discuss losses due to imperfect dielectrics and lossy magnetic ma-
terials.

Part II will be largely devoted to transmission lines of the so-called
“Clogston 2” type, in which the entire propagation space is filled with
the lJaminated medium, though to a lesser extent we shall also consider
transmission lines having an arbitrary fraction of their total volume
filled with laminations and the rest with dielectric. We shall first derive
expressions for the propagation constant and the fields of the lowest
Clogston 2 mode assuming infinitesimally thin laminae, so that the
attenuation constant is essentially independent of frequency, and then
go on to investigate the transition of the lowest Clogston 1 mode into
the lowest Clogston 2 mode as the space occupied by the main dielectric
is gradually filled with laminations. We shall also discuss the higher
modes which can exist in Clogston 1 and Clogston 2 lines with infinitesi-
mally thin laminae. Next the effect of finite lamina thickness on the
variation of attenuation with frequency in a Clogston 2 will be investi-
gated, and then the important question of the influence of nonuni-
formity of the laminated medium on the transmission properties of the
line. We shall conclude with a short section on dielectric and magnetic
losses. . '
Insofar as possible, plane and coaxial lines will be treated together
throughout the paper. Since however Bessel functions are not so easy
to manipulate as hyperbolic functions, there will be a few cases where
explicit formulas are not yet available for the cylindrical geometry. In
these cases the formulas derived for the parallel-plane geometry usually
provide reasonably good approximations, or if greater accuracy is desired
specific examples may be worked out numerically from the fundamental
equations in cylindrical coordinates.

The purpose of the present paper is to set up a general mathematical
framework for the analysis of laminated transmission lines, and to treat
the major theoretical questions which arise in connection with these
lines. In view of the length of the mathematical analysis, we have not
devoted much space to numerical examples, although a large number of
specific formulas are given which may be used to calculate the theoretical
performance of almost any Clogston-type line that happens to be of
interest. A considerable part of our work is directed toward evaluating
the effects of deviations from the ideal Clogston structure. Both theoreti-
cal and experimental results suggest that the limitations on the ultimate
applications of the Clogston cable are likely to be imposed by practical
problems of manufacture. These limitations, however, depend upon
engineering questions which we shall not consider here.
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II. WAVE PROPAGATION BETWEEN PLANE AND CYLINDRICAL IMPEDANCE
SHEETS

We shall consider waves in a homogeneous, isotropic medium of
dielectric constant e, permeability u, and conductivity g (rationalized
MIKS units). When convenient we shall also describe the medium in
terms of the secondary electromagnetic constants ¢ and %, defined by

o = Vieu(g + twe) , 7 = Viwp/(g + twe). (1)

The quantity o is called the mtrinsic propagation constant and 5 the
intrinsic impedance of the medium.

We begin by considering structures bounded by infinite planes parallel
to the z-z coordinate plane, and we confine our attention to transverse
magnetic waves propagating in the z-direction. We assume that the
only non-vanishing component of magnetic field is H, , and that all the
fields are independent of z. Then the non-zero field components, written
to indicate their dependence on the spatial coordinates, are H,(y, z),
E,(y, 2) and E.(y, 2), the time dependence ¢™* being understood through-
out. The field components are shown in Fig. 1.

The field vectors are connected by Maxwell’s two curl equations, which

‘reduce in the present case to

0H./0z = (g + twe)B, ,
0H /3y = —(g + iwe)E,, @
and
dE,/dz — 0E./dy = iwuH, . 3)
If we eliminate E, and E, we get .
OH./oy" + 9°H./92" = ’H,, (4)

where ¢ is the intrinsic propagation constant defined above. It is easy
to see that (4) is satisfied by a wave function of exponential form, say

H,=¢e™™", 5)
provided that the constants x and v are such that
&4y = (6)

We may regard « and v as the (possibly complex) propagation constants
in the y- and z-directions respectively. Either may be chosen at will and
the other is then determined by the condition (6). The electric field com-
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ponents corresponding to any particular H, are easily obtalned from
equations (2).

A concept important in what follows is that of wave impedances’ at
a point. For a wave whose field components are H, , I, , E. , the wave
impedances looking in the positive and negative y- and z-directions at a

typical point are defined to be, respectively,
ZIZEZ/H:E: Zj: —"u/Hza (7)
Z17= _Ez/Hz: Z:=Ey/Hx-

For waves of the type that we consideﬁ, Z+ and Z; are functions of
y only, so that if two media having different electrical properties are
separated by the plane y = ¥, the continuity of the tangential compo-

400 -

Z(y)
Fig. 1—Transmission line bounded by parallel impedance sheets.

nents of E and H across the boundary can be assured by merely re-
quiring the continuity of Z; (say) at y¥ = %, . This is equivalent to the
requirement that the sum of the impedances Z; and Z, looking into the
media on opposite sides of the boundary be zero. A similar condition
holds for the impedances ZT and Z7 at a boundary z = 2.

As an example of the use of the wave impedance concept, we shall
consider the propagation of a transverse magnetic wave between parallel
impedance sheets* which are separated by a distance b. For the moment

-nothing is specified about the structure of the sheets except that the
normal surface impedance looking into each is Z(y), for a wave whose
propagation constant in the z-direction is . The fact that in general Z
will depend upon v should be noted, since in some cases this dependence

#8. A. Schelkunoff, Electromagnetic Waves, D. van Nostrand Co., Inc., New
York, 1943, pp. 249-251. Since in our problem three field components vanish identi-

cally, we need only two of the six impedances which are defined in the general case.
+ Reference 3, pp. 484-489.
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is quite important. The sheets are located at y = 41b, as shown in Fig.
1, and the space between them is filled with a medium whose electrical
constants are € , o , go (Or 09 , 79 , if We wish to use the derived constants).
TFrom the symmetry of the boundary conditions it is evident that for
any particular mode H, must be either an even function or an odd fune-
tion of y about the plane y = 0. Taking the even case first, we have

vz

H, = chxoy ¢ 7,

E,=——" _  chye™
v go + twey Y (8)
B=—"__ ¢h IS
% + ok Sn kol € 5
where
K%+ =0. 9)

If we replace go + iwe by oo/n0 and o by (o5 — 72)%’, the boundary con-
dition at y=13b, namely

Z; = Z(), (10)

becomes
Hoh = 29" tanh 36F — 99 = 322G ()
0

Similarly, the odd case gives

vz

H, = shkgye 7,

By=——"  shkye™
v Jo + Z.wéo S Koy 0 ’ (12)
Ez = —__Ki___ h —72;
. + ot ch koY €
and the boundary condition becomes
86k — 79 coth 3 (e — ¥ = — 22 2(). (13)
0

The transeendental equations (11) and (13) are satisfied by the propa-
gation constants of the various even and odd modes; presumably each
has an infinite number of roots, which we could find, at least in principle,
if we knew the explicit form of the function Z{y). We shall confine our-
selves here to deriving an approximate expression for the propagation
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constant of the principal mode (lowest even mode) when the walls are
very good conductors.

If the walls were perfectly conducting we should have Z(y) = 0,
and the lowest root v, of (11) would be given by

(o8 — v =0, or v =oc0. (14)

The principal mode between perfectly conducting sheets is just an un-
disturbed slice of the plane TEM wave which could propagate in an -
unbounded medium. If Z(y,) is not rigorously zero, but still so small that

‘ oobZ (7o)

|| <, (15)

and if Z(y) does not vary rapidly with v in the neighborhood of 7o,
then the lowest root of (11) is given approximately by

¥ = a5 + 200Z(v0)/mb. (16)
If Z(vo) is so small that we have the further inequality
1| Z(yo) [
= 1 1
2 O'Obﬂo << b ( 7)

then (16) yields the approximation
v = a0 + Z(y0)/mb, (18)

where the second term is the first-order change in v due to the finite
impedance of the walls. If we formally set go = 0 (this does not actually
restrict us to perfect dielectrics since we could still assume € or y, to be
complex), we have

o =ioVime, 1= V/e. (19)

If the medium between the sheets is lossless, the attenuation and phase
constants of the principal mode become

a = Rey = Re Z(’)’o)/’?ob, (20)
B8 =TImy = o\ e + Im Z(yo)/nob. (21)

Although the fields of the principal mode between perfectly conducting
walls are entirely transverse to the direction of propagation, if the walls
are not perfectly conducting there will also be a small longitudinal com-
ponent E, of electric field associated with this mode. The leading terms
in the expressions for the field components, as obtained from equations
(8), (9), and (16), are
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Hz ~ HoeHW,
EI, ~ —‘noHoG_w,

2Zo(vo)Hoy —v:
5

(22)

E. ~

where Hy is an arbitrary amplitude factor.

As an example of the use of (20) and (21), suppose that the impedance
sheets in Tfig. 1 are electrically thick metal walls of permeability u; and
(high) conductivity gi. Then to a very good approximation at all en-
gineering frequencies and for all ordinary dielectrics between the walls,
the surface impedance is

Zvo) = (1 + 9)/gide, (23)
where
& = V/2/wmg (24)

is the skin depth in the metal. We thus obtain from (20) and (21) the
familiar formulas

a = l/nobg161 y (25)
B = &\ e + 1/mbgud: . (26)

It should be noted that in practical cases the inequality (17) on which
we based the approximations (20) and (21) does not hold down to the
mathematical limit of zero frequency. In the present paper, however,
when we speak of “low frequencies’” we shall mean frequencies still high
enough so that the approximations (20) and (21) for « and 8 are valid.
Generally this will be equivalent to the assumption that the attenuation
per radian is small. In our applications this assumption will usually be
justified down to frequencies of the order of a few ke-sec™.

Now let us consider transmission lines bounded by coaxial circular
cylinders and confine our attention to circular transverse magnetic waves
propagating in the z-direction. For these waves the fields are inde-
pendent of the angle ¢, and the only non-vanishing field components are
Hy(p, 2), E,(p, 2), and E.(p, z). The field components are shown in Fig. 2.

For circular transverse magnetic fields Maxwell’s curl equations in a
homogeneous, isoptropic medium reduce to

dH4/3z = —(g + iwe)E,,

@7
d(pHy)/3p = (g + iwe)pE:,
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and
dE./dp — 0E,/9z = iwuHy , (28)

from which we can eliminate Ep and E, to obtain
oMy | 1oHy _ H, | 3,

2
ap? p dp o’ 92 o Ho 29)

If we assume a wave traveling in the positive z-direction with propaga-
tion constant v and write

Hd’(p) Z) = Ig(p)e'*’ﬂ, (30)
we find that (29) becomes
1d <,, @) - (ﬁ + };>R =0, (31)
pdp \ dp o

where « is given by (6) as before. But (31) is just the equation satisfied
by modified Bessel functions of order one and argument xp, so

R(p) = AL(kp) + BEKi(sp), (32)

where A and B are arbitrary constants. The other field components can
be obtained from H, using (27); the results are

H, = [AIl(KP) -+ BI{]('\’P)]e—W,

nl — 'Y . > . —Yz
Ep T e [AII('\’P) + BKi(kp)le ™, (33)
I, = - +“ — [A1u(xp) — BEo(xp)le ™.

For cylindrical fields of the type that we are considering, the wave
impedances looking in the positive and negative p- and z-directions at a.
typical point are defined to be, respectively,

Zy = —E/H,, 71 = E,/H,,
B B (34)
Z; = E./H,, Z, = —E,/H, .

We shall now discuss the propagation of circular transverse magnetic
waves in a homogeneous region of space whose electrical constants are
€, to , go (or oo, 1), and which is bounded by coaxial cylinders of radii
p1 and p, , where p» > p1, as shown in Fig. 2. We suppose that the radial
impedances looking from the main dielectric into the inner and outer
cylinders are, respectively,

Zloery = 2000y Zilomp = Za(). (35)
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Then from (33) and (34) the boundary conditions are
Alo(kopr) — BKo(xop1)

=7
™ AT ar) T Bl 2 .
7 AIO(KOPQ) —_ BI(o(KopQ) — ""Z ('Y)
 AT;(xopz) + BK1(kop2) BV
‘where ’
ko= (o0 — Y, o, = m = no(1 — v¥/aDh (37)

If equations (36) are to be satisfied by values of A and B which are not
both zero, it is easily shown that a necessary and sufficient condition is
0o o(kopr) + Z1(v)Ki(kopr) _ m0sKo(kope) — Za(y)Ki(kopo) (38)
nop[o(h’opl) - Zl(’Y)Il(Kopl) ﬂopIO(Kopz) + Z2('Y)II(KOP2) ’
and (38) is a transcendental equation for the determination of the propa-
gation constants of all the circular magnetic modes in the coaxial line.
As in the discussion of the parallel-plane line, we shall confine our
attention to the principal mode and shall assume forthwith that the wall
losses are small.” Since for the principal mode we expect that v will be
nearly equal to g9, we may write v, for oo and evaluate Z; and Z at o ;
and we may replace the modified Bessel functions in (38) by their ap-

Fig. 2—Transmission line bounded by coaxial impedance cylinders.

5 J. A. Stratton, Eleciromagnetic Theory, McGraw-Hill, New York, 1941, pp.
551-554, gives a similar treatment of the principal mode in an ordinary coaxial
cable with solid metal walls.
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proximate values for small argument. From the series given in Dwight®
813.1, 813.2, 815.1, and 815.2, we have

—(0.5772 + log 3x) = —log 0.8905z, (39)
Ki(x) ~ ;13 + 3z log 0.8905z,

for | x| « 1, where log represents the natural logarithm. If we put
these approximations into (38) and if we suppose that the wall im-
pedances are so small that

l oop1Z1(ve)/2m0 | K 1, | a0p2Z2(v0) /2m0 | K1, (40)

we obtain, after a little algebra,

2 2 2 _ _ oolZalyo) /o + Zz(vo)/m].

=0 = = a1
Ty 70 log (p2/p1) 1)
Now further assuming that
1| Zi(vo) /o1 + Zalyo) /o2 [
s K1 42
81 o 1og (o/p) ‘ 42)
we get by the binomial theorem
v =00 + Za(vo)/pr 4 Z2(v0)/p2 ) (43)

20 log (p2/p1)

If we formally set g0 = 0, we find that the attenuation and phase con-
stants of the principal mode in a coaxial line with low-loss walls and no
dissipation in the main dielectric are

_ _ Zi(v0) /oy + Za(v0)/p2
@ = Rey = Re 210 log (p2/p1) (44)
8= Tm~y = ov/ng + Im Zi(vo) /o1 + Z2(70)/P2' (45)

2n0 log (p2/p1)

As before, these approximations for « and 8 will ultimately break down
as the frequency approaches zero, but they will certainly be valid over
the frequency range in which we are interested in the present paper.

s H. B. Dwight, Tables of Integrals and Other Mathematical Data, Revised Edi-

tion, Macmillan, New York, 1947. We shall refer to Dwight for a number of stand-
ard series cxpansions.
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The magnetic field lines of the principal mode will of course be circles
and the electric field will be largely radial, but with a small longitudinal
component unless the wall impedances are rigorously zero. The general
expressions (33) for the fields may be reduced to simple approximate
formulas if we use the fact that x5 is given by (41) and xep is small com-
pared to unity. The ratio A/B may be obtained from either of equations
(36). Introducing the approximations (39) for the Bessel functions and
carrying out a little algebra, we get the following approximate expres-
sions for the fields:

H¢ ~ — € 72,
mp
7~ ﬂ vz
p 27|'p € ) (4:6)
I I:Z1('Yo) P2 Z2(’YO) Pl] —z
E ~ log = + —— log = | e
27 log (p2/p1) L g, T p2 & P ’

where the amplitude factor I is equal to the total current flowing in the
inner cylinder. Incidentally we note that the above results might have
been derived from more elementary arguments if we had started with the
fields in a coaxial line with perfectly conducting walls and treated the
effect of finite wall impedance as a small perturbation.

If we consider an ordinary coaxial cable with solid metal walls at a
frequency high enough so that there is a well-developed skin effect on
both conductors, then to a good approximation

Zn(yo) = Za(yo) = (1 + 9)/g:61, 47)

where g1 and &, are the conductivity and the skin thickness of the metal;
and the attenuation and phase constants are given by the well-known
expressions

__1p+1/p
* 7 Dngids 10g (pa/pr) ’ (48)
ﬁ = w'\/“oeo + _M__ (49)

209161 log (p2/p1) ©

If necessary we may take account of dissipation in the main dielectric
of either a plane or a coaxial transmission line by assigning complex
values’ to & and o , say

7 See, for example, C. G. Montgomery, Principles of Microwave Circuits, M. I. T.
Rad. Lab. Series, 8, McGraw-Hill, New York, 1948, pp. 365-369 and 382-385.
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’ 74 ’ .
€ = € — ¢ = Eo(l — 7 tan ¢o),

. (50)

po = po — uo = po(l — < tan &),
where tan ¢, is the dielectric loss tangent and tan ¢, is the magnetic
loss tangent (if any). Inserting (50) into (18) or (43), we find for the at-
tenuation due to dielectric and magnetic losses,

as = Re o = Re 1w/ uleb(1 — % tan ¢o) (1 — 2 tan &)
= 10/ ule) (tan ¢o + tan &),

provided that tan ¢, and tan {, are both small compared to unity, as they
will always be in practice. We shall neglect second-order effects and so
regard the dielectric losses, the magnetic losses, and the wall losses as
additive.

(51)

III. SURFACE IMPEDANCE OF A LAMINATED BOUNDARY

The main problem in the theory of Clogston 1 transmission lines is the
computation of the surface impedance of a laminated plane or c¢ylindrical
boundary having alternate thin layers of conductor and dielectric. Por-
tions of such laminated structures are shown schematically in Figs. 3
and 4. We shall begin with an analysis, similar to Clogston’s,’ of the plane
stack. This will lead to a convenient point of view for the treatment of
the mathematically more complicated coaxial stack.

Let us consider a wave with field components H, , E, , E. , propagating

Fig. 3—Portion of laminated plane stack.

8 Reference 1, Section III.
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in a layer of homogeneous, isotropic material whose electrical constants
are ¢, u, ¢ (or o, 1), and which is bounded by planes perpendicular to
the y-axis. Henceforth we shall always assume that the z-dependence of
every field component is given by the factor ¢ ", where the complex
quantity v, whose value may or may not be known a priori, is the propa-
gation constant of the wave in the z-direction. Then the first of Maxwell’s
equations (2) yields

B, = —[v/(g + iwe)H., (52)
and on eliminating E, from the other Maxwell equations, we get
0H./oy = —(g + iwe)k.,
0L./y = —[¢/(g + twe)lH.,

where «* is defined by equation (6).

Now if we formally identify H, with “current” and E, with
“voltage”, equations (53) are just the equations of a uniform one-dimen-
sional transmission line extending in the y-direction, with series im-
pedance /(g + iwe) per unit length and shunt admittance (g -+ iwe)
per unit length; in other words a transmission line whose propagation
constant is x and whose characteristic impedance is 7, , where

k= ol — ¥/, m = k/(g + iwe) =l — ¥/ (54)

Hence we can apply the whole theory of one-dimensional transmission
lines with the assurance that in so doing we shall not violate the field
equations. For example, if E(0), H(0) and E(t), H(t) represent the
tangential field components E., H. at two planes separated by a dis-

(53)

Fig. 4—Portion of laminated coaxial stack.
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tance ¢, these fields are related by the general circuit parameter matrix
of a uniform line, namely

E(0) 7 ch «t 7y sh xt\ [E(f)
= . (55)
7o) \£%  ww \mO
Ny

We are now in a position to determine the surface impedance normal
to a laminated plane structure composed of layers of which every other
one has thickness # and electrical constants oy, 7y, while the inter-
vening layers each have thickness & and electrical constants oz, 72 .
Fig. 3 shows the cross section of such a stack in which the total number
of double layers is n (2n single layers), while Fig. 4 represents the corre-
sponding coaxial stack. Ultimately we shall assume the layers of thickness
& to be good conductors and those of thickness  to be good insulators,
but these assumptions need not be brought in immediately.

If the fields in the plane stack all vary with z according to ¢, then
when we look in the direction of increasing y each double layer may be
regarded as a four-terminal network formed by two sections of uniform
transmission line of lengths # and ¢, the propagation constants and
characteristic impedances of the two sections being given respectively by

n=oal — ¥/, m o= m@ — ¥/,
ke = o2(1 — ¥R, my = m(l — ¥¥/oD)l

The matrix of the double layer is the product of the matrices of the two
single layers in the proper order. Thus if the tangential field components
are Ey , H, at the lower surface of the first layer and E, , H; at the upper
surface of the second layer, we have

<f1> ) <Z §> @) (57)

== Ch K1t1 ch thz + 7)_11{ Sh K1t1 sh Kgiz,

N2y

(56)

where

® = Ny ch Kt Sh Kaolo + My sh Kify ch Kol ,

G = i sh kb1 ch Kalo + i ch kil sh Kolo y (58)

My N2y

D= @ sh Kty sh Kol + ch K1ty ch Kolo .

Ty
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The stack of double layers may be regarded as a chain of iterated four-
poles; such chains have an extensive literature.” The relation between
the tangential fields E, , H, at the upper surface of the nth double layer
and FE,, H, at the lower surface of the first double layer is

I B,
H, H,

where M is the GBCD-matrix appearing in equation (57). However there
is a simple expression'® for the nth power of a square matrix of order
two, namely

M" = pro-y SRl ppesh (0 = DT

shT shT L (60)

where I is the unit matrix of order two, I' is the propagation constant
per section of the chain of four-poles, defined by

¢ch T = (@ + D)/2M?, (61)
and M is the determinant of the matrix M, that is,
M = ad — ®e. (62)

The determinant of the matrix whose elements are given by (58) is unity,
as may easily be verified; but this may not be the case for all the matrices
which occur in our study of eylindrical structures. M will therefore be
carried explicitly in the following equations.

We now introduce the iterative impedances K; and K, , defined by

P 2e ’

2C

K, is the impedance seen when we look into a semi-infinite stack of
double layers if the first layer is of type 1, while K is the impedance seen
if the first layer is of type 2. In caleulations relating to Clogston 1 lines
with dissipative walls, the real parts of K; and K, will both be positive.
By a straightforward procedure we may express the matrix elements
®, ®, @, © in terms of K;, K>, T, and M, and then transform equation

(63)

9 See, for example, E. A. Guillemin, Communication Networks, 2, Wiley, New
York, 1935, pp. 161-166.

10 B, Abelés, Comptes Rendus, 226, 1872 (1948). This result was called to the
author’s attention by Mr. J. G. Kreer.
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(60) into
oprtr (3K + K ")  KiK, sh nl ‘
Y-®+o oy gery) (O
(K1 + K3) \gh nr LK™ + Ke™)
Finally we obtain from (59) and (64) an expression for the impedance

Zo looking into a plane stack of n double layers when the nth layer is
backed by a surface whose impedance is Z, , namely
By 1Z.(Kie"" + K "") + KyK» sh al

T = —0 = . 65
‘T H Z,shal + 1(Kie " + Ke™) (65)

For the cylindrical geometry, matters are a good deal more compli-
cated. If we consider waves having field components Hy , I, , E, in a
homogeneous, isotropic shell bounded by coaxial cylindrical surfaces,
and assume a propagation factor ¢~ "*, Maxwell’s equations (27) and (28)
may be written

E, = [v/(g + iwe)lH,, (66)
and ’

(—pHy)/3p = —(g + iwe)pk:,
OB./3p = —[&/(g + iwe)pl(—pH,).

If desired, we might identify I, with ‘‘voltage” and — pH, with ““current”
and regard equations (67) as describing a nonuniform radial transmis-
sion line, having series impedance «°/(g -+ we)p per unit length and shunt
admittance (g 4+ iwe)p per unit length. Since, however, in equations (34)
we have already defined the radial wave impedance to be a field ratio
without the extra factor of p, we shall carry out the analysis of the
present paper directly in terms of the field components £, and —H .

From the general expressions (33) for the fields in cylindrical co-
ordinates, we can show that the matrix relation between the tangential
field components E,, —H, at two radii p; and p; is given by

E(p)

(67)

—-H (Pl)

sz(KmIm + K12I01) ﬂpKPZ(KOIIO2 - KOZIOI) E(pZ)

= ' (68)
b
% (Kule — KyI) Kp2(K11Ioz + Kozlu) —H (p2)
. ’
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where
k=0 =L 0= a0 — 4N, (69)
and we have used the abbreviations
Ly = L(kps),  Kio = Ki(xps). (70)

It may be verified that the determinant M of the square matrix ap-
pearing in (68) is simply

M = pg/pl . (71)

In principle equation (68) permits us to determine by matrix multi-
plication the relation between the tangential fields at the inner and outer
surfaces of a coaxial double layer, or of a laminated stack of any number
of double layers, such as is shown in Fig. 4. The difficulty is that the
elements of the matrix of a single layer are not functions only of the
electrical properties of the layer and its thickness, but depend in a more
complicated way on the inner and outer radii separately. Whereas in
the plane case we had merely to take the nth power of a single matrix,
we are now faced with the problem of multiplying together n matrices,
each of which differs more or less from all the others. An exact expres-
sion for the result is practically out of the question; but we can make
some reasonable approximations if we assume that each individual layer
is thin compared to its mean radius, so that the matrix elements do not
change much from one layer to the next.

If the thickness ¢ (= p: — p1) of a single layer is small compared to p: ,
then the Bessel function combinations appearing in (68) may be ex-
panded in series, as shown in Appendix I, and the circuit parameter
matrix takes the following approximate form,

l:l—i—ét—]chkt —Q%tht npl:l—l-éé—jlshxt
P1 P1 P1 , (72)

1—|:1+—t:lshxt I:l-{—-ileth-l-Lsth
Mo 2m 2p1 2kpy

where terms of the order of #/p; represent the first-order curvature cor-
rections. If we use the same value of p; , say p, for both parts of a double
layer, then up to first order the elements of the matrix of the double
layer become
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b+ b

Q = I:l + 2% ] [Ch ki ch kete + £ sh w4 sh Kziz]

N2

1 1
- |:2 sh Kif1 Ch Kala + Ch x1l1 Sh Kztz:l
t t
= |:1 + L ;: 2] [772,: ch kity sh xety 4~ m, sh kit ch K2t2:|

Np
+ |:2K2p 2K1p:| sh ity sh kefs,

b+t 1 1 3)
C = l:l + '1—_2] [_ sh 3131 ch Kol —|— -
2p M, 1

ch k1ly Sh Kztz]

2p

1 1
h xity sh ket
+ |:2nsz1p 2mpr<2p:| SR faly S Kale

[1 + ;; :I [ﬂzp sh ks sh ks + ch kit ch Kztz]

m
1 1
+ 2 Sh K1l ch Kolo + Ch K1l1 Sh Kzt?,

As in the analogous equations (58) for a plane double layer, the sub-
scripts 1 and 2 refer to the first and second layers respectively.

If we have a stack of double layers in which all the layers of the same
kind have the same thickness and same electrical constants, then the
only term in (73) which varies from one double layer to the next is the
mean radius 5. Depending on the circumstances, we may wish to use a
single value of 5 for the whole stack, or a few different values, or even,
if high-speed computing machinery is available to carry out the matrix
multiplications, a different value of p for each double layer. The matrix
of the whole stack then becomes a product of powers of as many different
matrices as we have chosen values of 5. Obviously this method is better
adapted to the numerical analysis of special cases than to the general
theoretical treatment of a stack whose ratio of outer radius to inner
_ radius is unspecified.

In principle we are now able to compute the normal surface impedance
of any laminated plane or coaxial stack at a given frequency provided
that we know the electrical constants and the thickness of each layer,
the number of layers, the propagation constant v in the z-direction, and
the normal impedance Z,, of the material behind the last layer. Since the
general formulas even for plane stacks are quite complicated, however,
we shall introduce at this point some very good approximations which
will be valid for all of the following work.
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Henceforth we shall take the layers of thickness ¢ to be such good
conductors that the ratio we/g; of displacement current to conduction
current is negligible in comparison with unity. For metals like copper
this is an excellent approximation at even ‘the highest engineering fre-
quencies. Then on introducing the characteristic skin thickness &, we
have for the conducting layers,

o= Viewg = (1 +9)/a, (74‘)
m = Viem/g = (1 + 9/,
where
& = V2/wmg: - (75)
For pure copper the permeability and conductivity are
p = 1.257 X 107° henrys-meter™,

g1 = 5.800 X 10" mhos-meter ", (76)
from which we obtain the numerical values
o1 = 1.513 X 10" (1 + 7)\/fy, meters ™, o
m = 2.609 X 107" (1 + ©)\/fyr ohms,
and
6 = E%cpjmeters = g—(if% mils, (78)

where fye is .the frequency in Mec-sec ™. Referring to equations (56)
and (69) and bearing in mind the above numerical values, we see that
for the conducting layers we have

RS o = (1 + z)/&l,

) (79)
ny = me = (14 19)/gib1,

to a very good approximation, sinece in our applications the quantity v
will always be of the order of 2wi/\,, where the vacuum wavelength
N\, is at least a few meters, while the skin thickness 6; will be at most a
small fraction of a centimeter.

For the insulating layers of thickness ¢; we shall set the conductivity
g equal to zero, so that

o2 = 1w\ e, M= Ve (80)

We denote the relative dielectric constant and permeability by e, and
per respectively; dissipation in the insulating layers may be included
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if necessary by making e, and/or us- complex. In MKS units we have
€ = €206y, M2 = MorMy (81)
where the electrical constants of vacuum are

e, = 8.854 X 107" farads-meter ",

6 4 (82)
w, = 1.257 X 107" henrys-meter .
It follows that
2wV parer, _ 2mifaeV posear -
o2 = 0o\ porery = \>\/v“2 @r = Wf;99.8ﬂ2 ©r meters (s3)

N2 = MV #2r/52r = 376.7 V ﬂ2r/52r Oth,

where as usual the subscript » refers to vacuum. It is clear that unless
we deal with ferromagnetics, the quantities o2 and %, will be of roughly
the same order of magnitude as ¢, and 7, . From (56) and (69) we have

ke = oa(l — 7*/aB)},

' (84)
ey = m2, = m(l — ¥'/o3)},

where since o3 and v are both of the same order of magnitude as 27i/\, ,
in general no further approximations can be made.

In all of what follows we shall assume that the thickness ¢ of each
insulating layer is very small compared to the vacuum wavelength at
the highest operating frequency; in practice ¢, will be at most a few mils
and A, at least a few meters. Then the quantity | xefs |, which is of the
order of 2wty/N, , will be so small that to an excellent approximation we
may set sh kefs = xols and ch oty = 1. Using this simplification, together
with the fact that n, < 5, for all frequencies which may conceivably
be of interest, it is not difficult to show from (58) that the matrix ele-
ments of the plane double layer reduce to

@ = ch K1ty ;

® = maykate ch kity + my sh xty

e = _1 Sh Kltl, (85)
"711(

D= 7}2y_’<2t2 Sh Kily + ch Kily .
My

The determinant of the matrix is unity, and from (61) the propagation
constant per section is defined by
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b T = "% Gt 4+ oh ot (86)
21y

while from (63) the iterative impedances are

Ky = —3noykats + / (3noykets)? + muymeykels coth kit + 93y

(87)
Ky = 4-$naykals + \/(%nzykztz)Q + niynykats coth kity + 73y, .

If we make the same simplifications in the approximate expressions
(73) for the matrix elements of a coaxial double layer, we obtain

(31 1
QR = [1 + gjl ChK},tl - éK_lg ShKltl,
t 12
®R = I:]_ + %—g:lnmkgtg ch K1f1
D
plie 2 (e - B
2‘_) N1pK1 2[—) Mpe S K1l ’
41 (88
C = I:l—l— -]i]_ Shlﬂh, )
29 Mp
13 t t
D = |:1 + : —*—_ 2 + Me _:I Tzplola Sh K]_lf]_
25 2ngpKikaloep | m, ,
l 2t,
+ [1 + Lt__{l ch xity .
2p

In the preceding equations no restrictions have been laid on the
thicknesses # and {» except the trivial requirement that ¢, shall be small
compared to a wavelength. We shall now consider the limiting case in
which both # and # are infinitesimally small. When we make this last
and most drastic approximation we do not expect that the idealized
structure thus obtained will show all of the features which are of interest
in a physical transmission line with finite layers; but the results of the
simplified analysis will be useful in some cases nevertheless. It need
scarcely be pointed out that we are dealing here only with a mathematical
limiting process, in which we dssume that each layer, no matter how
thin, always exhibits the same electrical properties as the bulk material.
If this assumption be regarded as unrealistie, it may be observed that
the quantity which we actually allow to tend to zero is the ratio of layer
thickness to skin depth. The skin depth may be made as large as desired
by lowering the frequency, so that the formulas which we derive by
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letting 4 and & approach zero at a finite frequency will also hold for finite
thicknesses if the frequency is sufficiently low.

We shall let 6 denote the fraction of the stack which is occupied by
conducting material, so that

0 =t/ + 1), (89)

where at present #; and ¢; are both infinitesimal. Then the stack may be
regarded as a homogeneous, anisotropic medium, characterized by an
average dielectric constant & perpendicular to the layers, an average
permeability g parallel to the layers, and an average conductivity §
parallel to the layers. Sakurai' has treated such an artificial anisotropic
medium, and from his formulas we find that when the layers are al-
ternately conductors and insulators, the average electrical constants are,
to a very good approximation,

€ = 52/(1 - 0)7
B=0m—+ (1 — 0)p, (90)
g = 0g1 .

Sakurai has also shown that the average values of the electrical con-
stants may be used in Maxwell’s equations for the average (macroscopic)
fields, due regard being paid to the orientations of the field vectors with
respect to the laminae.

For the plane stack, these equations read

0H./0z = iwek,
8H./0y = —GE, , (91)
oE,/92 — 9E./oy = iwiH, ,

i

where the bars denote average values. By analysis exactly similar to that
carried out at the beginning of this section for a homogeneous, isotropic
medium, we may find the relation between the tangential field compo-
nents E. , H, at the two surfaces of a stack of infinitesimally thin layers.
(The bars representing average values may be omitted, since the tan-
gential components of E and H are continuous across the boundaries of
the layers.) We obtain a matrix relation analogous to (55), namely

E(0) ch T's K sh Tus\ [E(s)
=1 , (92)
H(0) 7 sh T'ts ch T'ys H(s)

U, Sakurai, J. Phys. Soc. Japan, 5, 394 (1950), especially Section 3.
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where s is the thickness of the stack. The propagation constant T', per
unit distance normal to the stack and the characteristic impedance K
of the stack are given by

T, [’ﬂ (w'ge + 72)]1 (93)
We

K =T/§ = [—3- (o’ + 72)] 94)
wEg

T'; and K may also be derived from equations (86) and (87) by limiting

processes; we have

I, =lim T/ + t), (95)
t1t-te—0

K=Ilm K =Ilm K. (96)
t1+t2—0 t1+t2—0

It should perhaps be noted that terms of the order of wei/¢1 and wey/gy
compared to unity were omitted in the expressions (90) for & and g,
and in the derivations of T'; and K. Since, however, under all practical
circumstances the omitted terms appear to be insignificant, we shall
not take space to write out the formally more complicated results which
would be obtained by keeping them."

In a cylindrical stack of infinitesimal layers, the average fields satisfy

0H,/0z = —iwel, ,
d(pH,)/9p = gok., 97)
0E./dp — 8E,/0z = iwiH, .

The relation between the tangential field components ., —H, at two
radii pp and p, is expressed by a matrix equation analogous to (68),
namely

E (Po)

Tepn(Koolin + Kinloo) KT 0,(KooIon — Konlto) E(p,)

F;g" (Kwln — Kuliy)  Teon(Ksoon + KonTo) [\ —H(p.)

12 In Reference 1, equations (II-17) through (II-26) give examples of equations
in which these small terms have been retained.
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where

I, = Ir(rlps); K. = Kr(PlPS)y (99)

“and T'; and K are given, as in the plane case, by (93) and (94).

IV. PRINCIPAL MODE IN CLOGSTON 1 LINES WITH INFINITESIMALLY THIN
LAMINAE

An idealized parallel-plane Clogston 1 transmission line is shown
schematically in Fig. 5. It consists of a slab of dielectric of thickness b,
with electrical constants o , & , bounded above and below by laminated
stacks each of thickness s. Outside each stack there may be an insulating
or a conducting sheath, of which nothing more will be assumed at present
than that its normal surface impedance Z,(y) is known. The total dis-
tance between the sheaths will be denoted by a, where a = b + 2s.

The corresponding Clogston 1 coaxial line is shown in Fig. 6. We de-
note the thickness of the inner and outer stacks by s, and s, respectively,
while a is the radius of the inner core (if any), and b is the inner radius
of the sheath around the outer stack. The inner and outer radii of the
main dielectric are p; = a + s;and p, = b — s., respectively. In practice
the core may be a dielectric rod and the sheath may be a conducting
shield, but in the present theoretical analysis we shall merely assume that
the radial impedances Z,(y) and Z,(y) looking into the core and the
sheath are known.

In Part I of this paper we shall deal with “extreme” Clogston 1 lines,
in which the space occupied by the stacks is small compared to the
space occupied by the main dielectric. We may then regard the laminated
boundaries as impedance sheets guiding waves whose phase velocity is

Zn ()

N

€ -y — = —— >

—> ml(————c‘—-—

Zn (7)
Fig. 5—Parallel-plane Clogston 1 transmission line.
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determined by the properties of the main dielectric, as discussed in Sec-
tion II, and we may use the intrinsic propagation constant of the main
dielectric in calculating the surface impedance of the boundaries. This
approximation simplifies the analysis of Clogston 1 lines a great deal.
We shall treat the general case, in which an arbitrary fraction of the
total space is filled with laminations, in Section IX of Part II, as a part
of our study of Clogston 2 lines.

In this section we shall assume that the laminae are infinitesimally
thin, so that the stacks may be completely characterized by their average
properties & i, and §. The case of finite laminae will be taken up in the
next section. We shall also assume throughout that dielectric and mag-
netic dissipation may be neglected except, as in Section VII, where the
contrary is explicitly stated.

In general the current density and the other field quantities in a plane
stack of infinitesimally thin layers will be linear combinations of the
functions sh I';y and c¢h Ty, where y is distance measured into the stack,
and T, is the propagation constant per unit distance, as given by (93).
The qualitative behavior of the fields in a cylindrical stack will be similar.
In particular, if the stack is thick enough the current density and the
fields will fall off as ¢~ "%, and we can define an “effective skin depth” A by

A=1/ReTy). (100)

Clogston’s fundamental observation was that in order to minimize the

Zb( /

Fig. 6—Coaxial Clogston 1 transmission line.
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ohmic losses in a stack carrying a fixed total current the current density
should be uniform across the stack, and that we can achieve uniform cur-
rent density by adjusting the uoe; product of the main dielectric so as to
make T, equal to zero. If in equation (93) we set

v =70 = tovV e (101)

then T', will be zero if
poeo = je = [fu1 + (1 — Ousllex/(1 — 0)]. (102)-

Equation (102) will be referred to henceforth as Clogston’s condition’
If the permeabilities of the various materials are all equal, the condition
reduces to

w=¢t=e/(l -0, (103)

which is the form employed by Clogston in Reference 1.

When Clogston’s condition is satisfied, I'; = 0 and the effective skin
depth of the stack is infinite;® that is, the current density is uniform in
any stack of finite total thickness. The quantities Iy and K vanish
simultaneously, but the limiting value of their ratio is finite; and the
matrix of the plane stack, as given by (92), takes the form

1 0 ‘
(104)
gs 1

Accordingly we obtain, for the surface impedance Zo(vo) of the stack,

1
gs + 1/Zn(70) ’

which is, as might have been expected, just the impedance between
opposite edges of a unit square of material of conductivity § and thick-
ness s through which the current density is uniform, in parallel with the
sheath impedance Z.(vo). It follows from equations (20) and (21) of
Section IT that the attenuation and phase constants of the principal mode
in a plane Clogston 1 line with infinitesimally thin laminae, Clogston’s
condition being satisfied exactly, are

Zolvo) = (105)

18 This statement is certainly accurate enough for all practical purposes, al-
though an exact calculation which takes into account the small terms that were
neglected in the approximate formula (93) for I', shows that the effective skin
depth is Ao/278, where A\ is the length of a free wave in the main dielectric. The
exact result is derived by Clogston in Reference 1, equation (I1I-26). In practice,
finite lamina thickness will restrict us to effective skin depths much smaller than
this theoretical limit.
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1
@ = Re 0o + 1/Z.Gol (106)
6 = o/ma + I L (107)

moblgs + 1/Zn(v0)]"

In general the sheath impedance Z,.(y,) will be large compared to the
impedance 1/gs of the stack, since even if the sheath is an electrically
thick metal plate of the same material as the conducting layers, its
impedance is

whereas 0s will usually be several times the skin thickness §; in the fre-
quency range of interest. If the sheath is free space, its impedance is a
fortiori much greater than 1/§s, since then it may be shown that

Zalyo) = —ina(poreer — 1), (109)

where 5, = 376.7 ohms is the intrinsic impedance of free space, and
uor and €, are the relative permeability and relative dielectric constant
of the main dielectric. Under most circumstances, therefore, we may
neglect 1/Z,(vo) in comparison with gs, and obtain the very simple
results,

1/nibgs (110)
B = oV me (111)

To this approximation the line exhibits neither amplitude nor phase
distortion.

For a coaxial stack of infinitesimally thin layers with Clogston’s con-
dition satisfied, the stack matrix given in (98) reduces to

1 0

I

o

(112)

2i (or — pp) 22
Po Po

where po and p, denote the inner and outer radii of the stack. It follows
from (112) that

) Z1(vo) _ 1 1
Y/ 1 —d 70 ' 1 is Zia(v0)’
P §lpr — @) + a/Z.(vo) — gsila + 381) + a/Za(v0) (113)
Zs(v0) 1 1

P2 150 — p3) + b/Zs(v0) - gs:(b — %s2) + b/Zu(70)’
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where Z(y,) and Zs(vo) are the radial impedances looking into the stacks
at p1 and p, respectively, and Z.(ve) and Zy(vo) are the radial impedances
looking into the core and the outer sheath. From equations (44) and
(45) of Section II, the attenuation and phase constants of a coaxial Clog-
ston 1 cable with infinitesimally thin layers, Clogston’s condition being
satisfied exactly, are

_ na Z1(v0)/p + Zs(vo)/pe
= Re 20 log (p2/p1)

Z1(vo)/p1 + Zavo)/ p2
vV I 115
oV e+ Im 2n0 log (p2/p1) (115)
where Z1(vo)/p1 and Za(vo)/p: are given by (113).
The impedances Z.(yo) and Zy(y,) may be computed if we know the
structure of the core and the sheath. For a solid, homogeneous core and
a homogeneous sheath of effectively infinite thickness, we have

nx To(ka) nk Ko(xb)
o I(ka)’ o Ki(xb)’

) (114)

I

B

Zo(v0) = Zy(vo) = (116)

where
k=1 — 3, (117)

but of course the intrinsic propagation constant ¢ and the intrinsic im-
pedance 7 need not be the same for the core and the sheath. If the sheath
is of finite electrical thickness or has a laminated structure (alternate
layers of copper and iron, for example, to provide effective shielding),
its surface impedance may be calculated by a straightforward but longer
procedure. We shall not go into this matter here, but shall merely observe
that in many cases of interest Z,(yo) and Zy(yo) are so large that we
may neglect the terms containing their reciprocals in (113). This means
that we neglect the total conduction and displacement currents flowing
in the core and the sheath, compared to the conduction currents in the
stacks. Then the expressions for the attenuation and phase constants
become

B 1 [ 1 n 1 ] (118)
= 2nF log (p2/p1) | s1(a + %s1) b — 3s0) |’
B = oVme, (119)

and again to this approximation there is neither amplitude nor phase
distortion.
The formulas which have just been derived on the assumption of
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infinitesimally thin laminae approach validity for laminae of finite
thickness as the frequency is reduced, provided of course that we do not
go to such extremely low frequencies that the attenuation per wave-
length becomes large. We shall show in the next section that the effect
of finite lamina thickness is to introduce a frequency dependence into
the attenuation and phase constants, in addition to the variations (f
any) which arise from the frequency dependence of the core and sheath
impedances.

We next write down approximate expressions for the field components
in a plane Clogston 1 line with infinitesimally thin laminae. In the
main dielectric we have, frofm equations (22) of Section II,

Hz ~ Hoe—w,

~ @ et
By~ o 0 (120)
Ez ~ ZZO(’};;))HO:[/ 6_72,

for —3b = y =< 3b, where H, is an arbitrary amplitude factor and
Zo(vo) is given by (105). In the stacks the fields are

H. ~ Hill + §Zo(v0)(3b F y)le ™,

™T

7, ~ —1/ EH1 + §Z0(r0)3b F e, (121)
Ez ~ :l:Zo(’Y())Hoe—w,

for b < |y | £ %a, where in cases of ambiguous sign the upper sign
refers to the upper stack (y > 0) and the lower sign to the lower stack
(y < 0). It should be noted that whereas the tangential field components
H and E. are continuous through the stack, the normal field component
E, is discontinuous at layer boundaries. From equation (52) we have, in
the conducting layers,

E, = —(v/g0H., (122)

while in the insulating layers,
E, = —(v/ives)H ;. (123)

To our approximation, therefore, the only contributions to the average
field E, come from the insulating layers.
The average current density J. in either stack is uniform, being
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given by
T. = gl = £5Zo(vo)Hoe ™™ . (124)

The total current per unit width carried by the stack is just J.s, where
s is the thickness of the stack; there will also be small currents in the
sheaths unless we assume the sheath impedance to be infinite. The
potential difference between any two points y1 and ¥ in the same trans-
verse plane may easily be found from

vy
V(ys) — V() = — B, dy. (125)

U1

For a Clogston 1 line of the proportions which we have been considering,
the potential difference across the stacks will be small compared to the
potential difference across the main dielectric.

In a coaxial Clogston 1 with infinitesimally thin laminae, the fields in
the main dielectric are given to a good approximation by equations
(46) of Section IT, namely

T
E,~p/ 2 L e, (126)
& 2mp
I I:Zl(’)’o) p2 2(v0) P1:| —z
I, ~ log & 4 ==l log = |e
Irlog /ey L ;o PR ’

where I is an arbitrary amplitude factor and Zi(y,) and Zs(y,) are ex-
pressed by (113). In the inner stack we have

NZ1(70)I [g(f — a) a i| —vz
Hy 2mpy 2p + oZalve) |” 7

o PO ), s N
Ep ~ /‘/; 27Tp1 2p + PZa(’)’o) e ( 7)

B~ Zl('YO)I PR
27"P1

while in the outer stack,
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H¢Rz" Z2(70)I [g(b2 - P2) + b :Ie-‘rz’

2mp, 2p 0Z(0)
7 G Za(yo)I I:g(b ) b :I oz
~ 128
& 2mpe 2p A (128)
B, ~ — Z2(’YO)I P
21rp,;

The average current density in either stack is uniform and is given by
J. = gE., (129)

though in general the current density will not be the same in the two
stacks because of the difference in cross-sectional areas. The potential
difference between the surface of the inner core and any other point in
the same transverse plane is

Vo) — V(a) = — f "B, dp. (130)

If the stacks are thin compared to the thickness of the main dielectric,
as we are assuming throughout Part I, then the potential difference
across the stacks will be small compared to the potential difference
across the main dielectric, and the characteristic impedance Z; of the
Clogston 1 cable will be approximately the same as the characteristic
impedance of an ideal coaxial cable with perfect conductors of radii
p1 and pp and the same main dielectric, namely

Z = 604/ 2 log % ohms. (131)
€or p1

We shall defer making any field plots for Clogston-type transmission
lines until Section IX of Part II, when we shall discuss the transition
from Clogston 1 to Clogston 2 as the space originally occupied by the
main dielectric is gradually filled with laminations. Our present results
will then appear as the limiting case in which the thickness of the stacks
is small compared to the thickness of the main dielectric.

In conclusion we shall mention briefly the question of how to dispose
a given amount of laminated material in a Clogston 1 coaxial cable so as
to achieve the minimum attenuation constant. The whole problem of
optimum proportions for Clogston cables is a complicated one of which
an adequate treatment would require a separate paper in itself, with
the results depending to a great extent on engineering considerations
which limit the ranges of the parameters that we can vary in any practical
case. Here we shall discuss only the following rather highly idealized
problem:
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Given a coaxial Clogston 1 with infinitesimally thin laminae, having a
high-impedance core and a high-impedance sheath of fixed radius b,
and in which the total thickness s; + s. of both stacks is a fixed constant
2s. Assuming that 2s is small compared to b, what should be the radius
a of the core, and how should the total stack thickness be divided between
the outer and inner stacks so as to minimize the attenuation constant of
the line? Finally, what should be the fraction 6 of conducting material
in the stacks to minimize the attenuation constant, if the electrical
constants of the conducting and insulating layers are fixed, but the
properties of the main dielectric are at our disposal?

If the two inequalities

s K aq, 8 K b, (132)

are satisfied (these restrictions will be removed in Section IX, when we
discuss Clogston cables having an arbitrary fraction of their total volume
filled with laminations), then equation (118) for the attenuation constant
of a Clogston 1 with infinitesimally thin laminae and high-impedance
boundaries becomes, approximately,

-~ 1 1 1
* ™ g Tog (/0) [?-E + E] ' (133)
If we write

S =28 — 81, (134)

and vary s; and s» in accordance with this relation while holding @ and b
constant, it is easy to show that the expression on the right side of
(133) is a minimum when

_ 25v'b = 2sv/a 135
Vet i T Ver i (135)

These equations tell us the most efficient way to divide the stacks in a
Clogston 1 when the radii of the core and the outer sheath are a and b re-
spectively, still assuming of course that the thickness of each stack is
small compared to its mean radius.

If we introduce the optimum values of s; and s, into (133), we get

~ 1 11 2
o 2n0G(s1 + s2) log (b/a) I:\/C—l + \/Eil . (136)

If b is fixed, the last expression is a minimum, considered as a function
of a, when

81

log (b/a) = 1 + +/a/b. (137)
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The root of this transcendental equation is

b/a = 4.3827, a = 0.228170b. (138)
Substituting this value of b/a into (135), we find
s = 1.3535s,
s; = 0.6465s, (139)

s1i/s. = 2.0935;

while from (136) and (138) the minimum value of the attenuation

constant is '
e 3.238

(s + 8)b

To find the optimum value of 6, we observe that equation (118) for the

attenuation constant of a Clogston 1 cable with infinitesimally thin
laminae and high-impedance boundaries may be written in the form

(eo/ uo)

(140)

f(a, b, s1, s0), (141)

where the first factor depends on the electrical constants of the com-
ponents of the cable, while f(a, b, s , s2) is a funection only of the geometry.
By (110) the attenuation constant of a plane Clogston 1 has the same
form, only with a different dependence on the geometrical factors. Now
assume that the geometrical proportions of the line are fixed, and that
the electrical constants uy, g1, 2, and e of the conducting and insula-
ting layers are given, but that the constants wy, & of the main di-
electric and the fraction of space 6 occupied by conducting layers in
the stacks are at our disposal. The we product of the main dielectric
is to be codetermined with 8 so that Clogston’s condition (102) is always
satisfied. Solving (102) for 6 gives

Mo€p — Mo€2
= . 142
poeo + (p1 — mo)er (142)

Hence the first factor in the expression (141) for « may be written

(eo/ o)’ _ eé[,uoeoi-l— (m — P2)52]_ (143)
g1 Gusoluoes — peer] '

If we minimize the right side of (143) with respect to ¢ , all other quanti-
ties being held constant, by equating to zero the derivative with respect
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to & and then solving for ¢ , we get
poeo = H(m + 2u) + (i + Spw) e . (144)

From (142) the value of 6 is
_ m+ (41 + Suwo)*

(145)
3w + (Mi + 8#1#2)% o
and the corresponding attenuation constant is proportional to
(eo/mn)? _ (eo/mo)* Bus + (i + Buss) (146)

091 g o+ (el + 8#111_2)* )

It will be observed that so far we have determined only the optimum
value of the product we , and so we are still free to alter the ratio of
o t0 ¢ while holding the product of these two quantities constant. For
given values of y; and p, , we obtain the lowest attenuation constant by
making ¢ as small as possible and p, as large as possible, subject of course
to the practical restriction that & cannot be lower than the dielectric
constant of free space. However if we permit p. and w to be simul-
taneously increased, as by magnetic loading of both the insulating layers
and the main dielectric, we find from (146) that on paper it is possible
to decrease the attenuation constant without any definite limit. This
observation is in accord with the fact that the attenuation constant of
an ordinary coaxial cable may be decreased indefinitely, with a corre-
sponding decrease in the velocity of propagation along the cable, if we
are willing to assume an unlimited amount of lossless magnetic loading.

If 3 = pa, (144) and (145) take the form

Lo€o = Busee, 0 = 2/3, (147)

from which we have the result given by Clogston:" If the conducting
and insulating layers are infinitesimally thin and have equal permea-
bilities, then minimum attenuation is achieved when the thickness of the
conducting layers s twice the thickness of the insulating layers. In this
case, from (146) and (147) the attenuation is proportional to

(eo/ o)’ _ 3/ uo)? '

148
o0 2% (148)

When uy = w2, corresponding to no magnetic loading, we must take
€& = 3e, and (148) reduces to

14 Reference 1, pp. 513-514.
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(60/ .Uo) — 3\/§ (62/ #2) , (1 49)
991 291
while if we load the main diclectric so that wy = 3u2 and we can take
& = €, we have ,
(eo/l-‘())z — \/g (EQ/IL?) , (150)
091 291

which is just one-third of the value with no magnetic loading.

As Clogston has pointed out, if the limitation is on the total thickness
of conducting material in the stacks rather than on the stack thicknesses
themselves, we shall find it advantageous to use a small value of 6 (a
high “dilution” of conducting material) so as to make the average
dielectric constant /(1 — 6) of the stacks, which has to be matched by
the main dielectrie, as small as possible. We shall see later that the effect
of finite lamina thickness is in fact to limit the total thickness of conduct-
ing material which it is useful to employ in a single stack at high frequen-
cies, so that for physical stacks of non-magnetic layers at high frequencies
the optimum value of 8 is less than 2/3. Quantitative results which take
into account the finite thickness of the layers will be obtained in
Section XI.

To illustrate the use of some of the equations derived above by means
of a numerical example, we shall compare the attenuation constant of a
conventional coaxial cable with that of a Clogston 1 cable of the same
size. If @ and b denote the radii of the inner and outer conductors of a
conventional coaxial cable, and we take b/a = 3.5911 to minimize the
attenuation constant, then we have from equation (48) of Section II,
on setting p; = @ and ps = b,

1.796

a = n—oa&—lb- ) (151)

where 79 is the intrinsic impedance of the main dielectric, which may be
air. For a Clogston 1 coaxial cable with infinitesimally thin laminae, no
magnetic material in the stacks (u1 = p2 = p,), and the optimum propor-
tions given by (139) and (147), we have

e 4.857
~ 11091(81 + s2)b ’
where b is the outside radius of the outer stack and %, is the intrinsic

impedance of the main dielectric, which cannot be air in a Clogston cable.
The ratio of the attenuation constant «. of this Clogston cable to the

(152)
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attenuation constant a, of an air-filled standard coaxial of the same size,
made of the same conducting material, is

o, 2.704 6,
s (IIOr/GOr)%(sl + 82) ’

where por and €, refer to the main dielectric of the Clogston cable.

Since the attenuation constant of a standard coaxial cable is propor-
tional to the square root of frequency in the range we are considering,
while the attenuation constant of the ideal Clogston cable is independent
of frequency in this range, there will be a crossover frequency above
which the Clogston cable has a lower attenuation constant than a con-
ventional coaxial cable of the same size. If we are dealing with copper
conductors and if frequencies are measured in Mec-sec and linear
dimensions in mils, then from equations (78) and (153) we find that the
crossover frequency is given approximately by

_, 49.50 (eor/por)
MO (81 + so)mis
For example, let us take an ideal Clogston 1 cable of outer diameter

0.375 inches, excluding the sheath, with no magnetic loading, and assume
the following values:

(153)

(154)

a = 42.8 mils 6 =2/3
b = 187.5 mils e = 2.26 (polyethylene)
s1 = 12.69 mils er = e = 06.78 (155)

sz = 6.06 mils Mor = M1 = por = 1
s1 + s = 18.75 mils

This cable has a lower attenuation constant than a standard air-filled
coaxial of the same size at frequencies above about 1 Mec-sec™, the ap-
proximate formula (154) yielding 0.955 Mec-sec™" for the crossover
frequency and the exact equation (118), taken in conjunction with (151),
yielding 1.251 Mc-sec™".

The reader is cautioned that the comparison given by (153) between
Clogston and conventional cables is based upon certain highly idealized
assumptions. In the first place we have neglected the finite thickness of
the laminae, which will in fact cause the attenuation constant of a
physical Clogston cable to increase with increasing frequency, and
ultimately to cross over again and become higher than the attenuation
constant of a conventional air-filled coaxial. We have also neglected
dielectric and magnetic losses, which are likely to be directly propor-
tional to frequency and by no means negligible at the upper end of the
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frequency band. In practice, too, the peeo product of the main dielectric
must be held very close to the Clogston value or the benefit of the large
effective skin depth is lost; and the stacks must be extremely uniform or
again the depth of penetration is greatly reduced. We shall take up all
these matters in later sections, and shall see that while the results just
given represent ultimate limits of performance, the practical improve-
ments which can be achieved over conventional cables depend upon the
degree to which one can solve the manufacturing problems that tend to
make every actual Clogston cable differ more or less from the ideal struc-
ture considered above.

V. EFFECT OF FINITE LAMINA THICKNESS. FREQUENCY DEPENDENCE OF
ATTENUATION IN CLOGSTON 1 LINES

The principal effect of finite lamina thickness in a Clogston cable is to
introduce a frequency dependence into the propagation constant, and
in particular to cause the attenuation constant to increase, with increas-
ing frequency, above the value which we have found for infinitesimally
thin laminae (or for finite laminae at low frequencies). The increased
losses are associated with the fact that the penetration depth in a lami-
nated stack decreases with increasing frequency, even when Clogston’s
condition is exactly satisfied, if the laminae are of finite thickness. We
shall now obtain expressions for the surface impedance of a plane lami-
nated stack of n double layers, such as is shown in Fig. 3, when Clogston’s
condition is satisfied but the individual layers are of finite thickness.

We first observe that Clogston’s condition (102) implies

Nogkalts = maoa(l — ~5/05)la

. Our + (1 — Ope | (1 — O
=“““2[1" M(I—B)ygu] ] (156)

= —iwpltl = —moil

X —nah,

where in the last step we have used the fact that in the conducting
layers 71, is equal to 7, and «; is equal to o to a very good approximation.
We now introduce the dimensionless parameter

0 = .O'ltl = (1 + z)tl/51 X kil 5 (157)

which may be regarded as a measure of the electrical thickness of the
individual conducting layers. From (86) and (156) we have, for the prop-
agation constant per double layer,
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chI' =ch® —10sh O, (158)
and from (87), for the iterative impedances,
K=2 1430+ (6" — 0coth ® + DY,
gty
o (159)
K, = o [— 10 + (20® — O coth ® + 1)},
1t

since Ny = Kl/gl = @/gltl .

If the thickness ¢ of each conducting layer is moderately small com-
pared to the skin depth §; at the highest frequency of interest, the quanti-
ties I', Ky, and K, may conveniently be expanded in powers of ©. The
identity

chz —1=2sh’1x (160)

enables us to transform (158) into

sh’il = 1(ch® — 1) — 1@ sh O
0! e 6! ]
13 ': + + 560 + -, (161)

after we expand sh ® and ch © by Dwight 657.1 and 657.2 and collect
terms. Taking the square root by the binomial theorem gives

@4 170°
1 2 ) + -
sh 3T = 4\/_ [G) 50400 jl ’ (162)

the negative sign being introduced because from (157) ©” is a positive
imaginary number and we want Re I' > 0. Then

_ o! 176° ]
—_— l 2 —— . e .
= 2sh [ 4\/“<®+30+50400+ >
. i[e e, e jl
“‘75[7+%+52—5+' ’

provided that we expand the sh™ function by Dwight 706. From (159)
we get

PN ELVCTRIY P P

6 1575

(163)

", (164)
L BV g, VB Ny
K Zh—tl[ e O O RO
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where we have expanded coth ® by Dwight 657.5 and chosen the sign
of the square root to make Re K; and Re K. both positive.

Our first observation is that when the lamina thickness is finite the
effective skin depth of the stack is also finite. We have, from (157) and

(163),
1[4 | i 8tk :l
P = — | = i Bt (165
‘ V3 [ai + 1561 52583 ’ )
and the average propagation constant per unit distance into the stack is
r 1 [ti h 8¢5 ]
I, = = — 248 L (166
‘Tt VB4 LE T 155 5258 )

If as usual we define the effective skin depth A to be the distance, meas-
ured into an infinitely deep stack, at which the current density has fallen
to 1/e of its value at the surface, then keeping only the first term in (166)
we have :

1 _ VB4 )6 _ B+ t)

— 167
Re P( t% mu]glfﬁ ’ ( )

a result also given by Clogston.”” The number N of double layers in one
effective skin depth is

o 52
A _VEh VB (168)
(t + o) t g ft
while the total thickness T'a of conducting material in these layers is
S o2
o= Ny = V35 V3 (169)
b mmgifh

T, is essentially the thickness of conducting material in each stack which
is effectively carrying current; it is evident that for small values of ¢/8;
this effective thickness is inversely proportional to the frequency f and
to the thickness # of the individual conducting layers, but independent
of the theckness f; of the insulating layers, provided that i, is very small
compared to the length of a free wave in the insulating material.

In the general case, still assuming of eourse that Clogston’s condition
is satisfied, the surface impedance Zo(v,) of a plane Clogston stack is
given by equation (65) of Section III, namely

3Zu(y0)(Kse"" + Ko ™") 4+ KiKs sh al
Za(y0) shnl' + 3(Kie ™" + Ke")
15 Reference 1, equation (111-44).

Zy(yo) = ) (170)
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where Z,(yo) is the impedance of the surface behind the stack. If @ = 0,
(170) reduces to (105) of Section IV, that is,

1 N 1
gs + 1/Zu(vo) Ty + 1/Zu(vo)’

where T4 is the total thickness of conducting material in the stack. If
Zu(v0) is infinite, then for all values of © and n we have

Zo(yo) = (171)

Zo(ye) = 5@7 20 + (20 — O coth O + 1)! coth #T'];  (172)
101 .

and if Re nI is large, corresponding to a stack many effective skin depths
thick, then for any Z,L(jyo) we have

Zo(yo) = K. : (173)

Once Zo(yo) has been computed for a particular frequency, the at-
tenuation and phase constants of the plane Clogston 1 line at that fre-
quency are given, as in Section II, by

o = Re Zo(‘Y[))/‘r]ob, (174)
B = wV e + Im ZO(’YO)/"?ob- (175)

Explicit expressions for the surface impedance of a coaxial stack of finite
layers have not been derived. However, if in a coaxial Clogston 1 the
thickness of each stack is small compared to its mean radius, or if the
depth of penetration given by (167) is small compared to the radius of
the surface near which the currents flow, then the parallel-plane formula
(170) may be used for the stack impedances Zi(vo) and Zs(y,) which are
to be substituted into the equations of Section II for the attenuation
and phase constants, namely

_ Zl('YO)/Pl + Zz(’Yo)/Pz
= Re 2mo log (p2/p1) . (176)
8 = wr/me + TIm Z1(y0)/p1 + Zz(vo)/pz. 177)

2n0 log (p2/p1)

If the plane approximations are regarded as insufficiently accurate, one
can compute the surface impedance of a cylindrical stack by repeated
multiplication of matrices similar to the one given by equations (88) of
Section III. This procedure would obviously involve considerable numeri-
cal computation, but we can hardly expect that it would reveal anything
qualitatively new for Clogston cables of the proportions considered in
Part 1.
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It will be instructive to compare the impedance of a laminated plane
stack with the impedance of a solid metal plate over the full frequency
range from zero to very high frequencies.”® If the stack contains n con-
ducting layers, each of thickness ¢, and the metal plate is of thickness
T: = nt, the impedances of the plate and of the stack will be equal at
zero frequency, and also at very high frequencies where the first layer
of the stack is already many skin depths thick. For simplicity we assume
that both the plate and the stack are backed by infinite-impedance
surfaces at all frequencies.

To orient ourselves we shall define three critical frequencies, for which
respectively the thickness of the solid plate is equal to one skin depth in
the metal, the thickness of the stack is equal to one “effective skin depth”,
and the thickness of a single conducting layer is equal to /3 skin depths
in the metal. These frequencies are

fi = 1/ (rmgiT?) (T, = &),
fo = V3/(amgthTy) = /3nfi (T, = Ta), (178)
fi = 8/(mmgits) = 3n’fy (tr = /38).

The approximate forms of the surface impedance functions of the plate
and the stack in the various frequency ranges are then quite simple.

In the range 0 = f £ fi, the surface impedance of the solid plate is
approximately constant and given by

Zy(vo) =~ 1/ Ty, (179)

while in the range f = f; we see approximately the surface impedance of
an infinite plate,

Zolyo) = (1 + 29)/guer = (1 + IVrmf/g, (180)

which is proportional to +/7. The surface impedance of the stack is
approximately constant in the range 0 < f < f», where

Zo(vo) = 1/:T1, (181)

while in the range f» < f < f; it is approximately equal to the impedance
K, of an infinitely deep stack of moderately thin layers as given by the
first of equations (164), namely

Zo(vo) &= (1/4/3 + D)muhsf, (182)

18 In this connection see also Reference 1, Fig. 2, p. 494. Clogston compares
alaminated stack with a solid plate of the same total thickness as the stack, hence
a plate which contains more conducting material than the stack.
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which is directly proportional to frequency (and independent of con-
ductivity). For f = f; the stack acts much like an infinitely thick solid
plate, for which

Zo(yo) = (1 + /gy = (1 + 0) Vawf/gr, (183)

an impedance again proportional to 4/f.

The real parts of the approximate expressions for surface impedance
may be plotted on log-log paper, where power-law relationships are
represented by straight lines, to give quite a good idea of the way in
‘which the stack resistance varies over the entire frequency range. To
show how the exact resistance departs from the approximate formulas in
the transition regions, we have calculated the resistance of a particular
stack over the full frequency range from equation (172), and also the
resistance of the corresponding solid plate from the formula

Zo(yo) = (1 + D)V'muaf/g coth [(1 4+ )VmugifThl,  (184)

and plotted the results, together with those for an infinite plate and an
infinite stack, in Fig. 7. The actual numerical values were chosen solely
for ease in plotting, and are of no particular significance. It should be
noted that the exact curves oscillate slightly around the asymptotic lines
in the transition regions. For example, the resistance of the laminated
stack is actually higher than the resistance of the solid plate at certain
frequencies slightly above f;. These oscillations appear clearly in the
numerical results, but are scarcely visible on the plots because of the
logarithmic compression of the upper ends of the frequency and re-
sistance scales. :

We shall next obtain an expression for the rate at which the surface
impedance of a laminated stack begins to depart from its de value as
the frequency is increased. For this purpose we must expand the various
factors appearing in equation (170) for Z(yo) in powers of ©. Using the
expansions (163) and (164) which have already been derived for T', K,
and K,, it is a matter of straightforward if tedious algebra to show
that:

(185)

. 2 o
S zx/ﬁ?in o _ (150 gﬁzozx/?im O 4 -,

o 2 .
T =1 “{5?7” g — (1bn 3632\/?7") o' 4 -,  (186)

o in [, O (1750’ — 48) ]
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K" + Ko ™F (188)
10?2 (Im —4) , (175w — 70n — 16) _,
= — 0 — e+ --.
\/§g1t1[ 30 4200 ’
Kie ™" 4+ K" (189)
ey 15n + 4 (175m2 + 70n — 16
- _\/§g1t1[1_( 30 Lo 4200 )®4+ ]’

1 m
I(le Sh nl' = (gltl)z 6’\/§ @ + . (190)

By substituting the above series into equation (170), we can obtain
the variation of the stack impedance with frequency so long as #,/6; is
sufficiently small. Although in principle there would be no difficulty in
taking into account an arbitrary sheath impedance Z,(v,), for brevity
we shall restrict ourselves here to the case in which the sheath impedance
is so high that at all frequencies of interest the current in the sheath may
be neglected. Then we have equation (191) (see next page).

1 -
5 - //
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2 7
1
1 7t
g INFINITE /// !
5 PLATE A .
- ~ 4 !
2 = / !
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Fig. 7—Surface resistance R of solid plates and laminated stacks versug
frequency f on log-log scale.
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Kie"" + Ko T

ZO('YO) = W’ (191)
which can be reduced to
1 Bn—-1) » GnP—1 :l
Z — — « .
0(70) ng1t1 l:l + 6 @ 180 @ +
1 Ity | Tt (192)
~ L[ T Tt ]
ngll: + & + 961 + ’

the last expression being valid if the number of double layers is not too
small (n = 5, say). To this approximation the fractional changes in the
resistance and reactance of the stack are

AR _ Tifi _ Titin'ugif’

’IE—O = 9—5% = ——-——9 ) (193)
A Tht ,
EXO_ = 6—}1 = Thhmmgif, (194)
where
Ro = l/ng1 (195)

is the dc resistance. From the exact calculations described above it
appears that (193) and (194) are valid up to the neighborhood of the
critical frequency

fz = \/?_’/(W,ulthl), (196)
at which frequency the approximate formulas yield
AR/Ry = 1/3,  AX/R, = V/3. (197)

For f > f., however, these approximations rapidly break down.

We may now answer the question: What must be the thickness ¢ of
the individual conducting layers in a plane stack which contains a given
total thickness 7 of conducting material, if at a specified top frequency
fm the resistance of the stack is not to have increased by more than a
specified small fraction of its de value? We find that the permissible

value of #; is
3 AR y
h = ———— = 198
! 71'#191T1fm /‘/;o ’ ( )

and we note that this value of ¢ is inversely proportional both to f,, and
to T4 . If we measure & and T in mils and f,, in Mc-sec™, then on putting
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in the numerical values of u; and g, for copper, we have

2031 AR
h (fm)Mc(Tl)miIs E ’

For a plane Clogston 1 with stacks of equal thickness, the attenuation
constant is given by (174), and the fractional change in attenuation
with frequency is equal to the fractional change in resistance of either
stack, as caleulated from (193). For a coaxial Clogston 1 with stacks
thin enough so that the plane approximation is valid we may also use
(193), but the fractional changes in resistance will be different for the
two stacks if these are of different thicknesses, and the fractional change
in the attenuation constant must be calculated from equation (176).
If Ry and Ry are the de resistances “per square’ of the two stacks, and
AR; and AR, their increments as obtained from (193), then the fractional
increase in attenuation is given approximately by

(1) mits (199)

A_‘a N ARi/pr + ARs/ps
g Ruw/p1 + Ru/p2 *

For either plane or c¢ylindrical geometry we find that if we scale up a
particular Clogston line by multiplying the thicknesses of the stacks and
the main dielectric by the same factor, then the low-frequency at-
tenuation constant will be divided by the square of the scale factor.
However, the permissible thickness of the individual conducting layers,
if we are to have the attenuation flat to a specified degree up to a fixed
frequency, is inversely proportional to the scale factor. Thus if we double
the overall dimensions of the line and double the amount of conducting
material in the stacks, we shall divide the low-frequency attenuation
constant by four, but we shall have to make the individual layers half as
thick in order to maintain the same relative increase in attenuation
constant at the same top frequency f.. . In addition it is clear that if we
double the top frequency while maintaining the same requirement on
Aa/ap for a line of given dimensions, we shall also have to cut the thick-
ness of the individual layers in half.

As a numerical example, let us return to the cable whose specifications
were given by (155) at the end of Section IV. For this cable we have:

(200)

o1 = 55.49 mils 0s; = 8.46 mils
p2 = 181.44 mils s, = 4.04 mils (201)
p2/p1 = 3:270 Rzo/Rm ~ 81/82 = 2.094
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If the conducting layers are copper, we find that equation (200) for the
fractional increase in attenuation becomes, numerically,

Aa/ay 2 0.121 (L) s S e - (202)

If for example the copper layers are 0.1 mil thick and the polyethylene
layers 0.05 mil thick, since we are assuming § = 2/3, then the attenuation
constant has increased by 10 per cent of its “flat” value at a frequency of
about 9.1 Mc-sec ™.

We may also ask for the:upper crossover frequency, above which the
Clogston cable will have a higher attenuation constant than a standard
air-filled coaxial of the same size. Such a crossover frequency must exist
because the dielectric loading of the Clogston cable (in our case e, =
6.78) introduces a factor /e, into the asymptotic expression for the
attenuation constant at extremely high frequencies when the stacks look
like solid metal walls; in addition there will be slight differences due to
the fact that the geometric proportions of the conventional and Clogston
cables are not exactly the same.

We assume, subject to a posteriori verification, that the upper cross-
over frequency lies between the critical frequencies f; and f; , defined by
(178), for each stack. Then we have in effect infinitely deep stacks of
moderately thin laminae, whose surface resistances are equal and are
given by (182) to be

Ry = Ry = mutif/V/3 = 5.79 X 10°(t)miss fsre Ohms.  (203)

The attenuation constants of the conventional and Clogston cables are
obtained from (151) and (176) respectively, where for the conventional
coaxial we set gy = 7, . After a little arithmetic we find for the upper
crossover frequency in this particular case,

Fute R 2.79/ () mits - (204)

Thus if the copper layers are 0.1 mil thick, the upper crossover frequency
is about 280 Mc-sec™, which turns out to lie well inside the interval
between the critical frequencies f; and f; for both stacks.

Comparing this result with the result at the end of Section IV, we see
that a 0.375-inch Clogston 1 cable with 0.1-mil copper conductors and-
the other specifications given by (155) is nominally better than a con-
ventional air-filled coaxial cable of the same size in the frequency range
from about 1 Mc-sec™" to 280 Mc-sec . We are still neglecting the effect
of failure to satisfy Clogston’s condition exactly, the effect of stack non-
uniformity, and dielectric losses. All of these factors will be present to a
greater or less degree in any physical embodiment of a Clogston cable,
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and will reduce, or in extreme cases even eliminate, the frequency range
over which the Clogston cable exhibits lower loss than a conventional
coaxial cable.

VI. EFFECT OF DIELECTRIC MISMATCH

We may think of Clogston’s relation (102) as a condition imposed on
the phase velocity in a laminated transmission line to maximize the
depth of eddy current penetration into the stacks. If this condition is
not exactly satisfied, that is, if the uoe product of the main dielectric is
not equal to the gé product of the stacks, then the effective skin depth
of the stacks is finite at finite frequencies and decreases with increasing
frequency even in the ideal case of infinitesimally thin layers, while if
the layers are of finite thickness the effective skin depth is even less than
it would be with a perfectly matched main dielectric. The losses in the
stacks at moderate frequencies where Clogston’s penetration effect is of
importance are correspondingly increased by the presence of dielectric
mismatch.

For a quantitative discussion we define the amount of dielectric
mismatch A(we) by

Alwe) = poeo — [ (205)

and also the dielectric mismatch parameter & by
k= _fx(#oeo) - 1 - 0) Aluoeo) ) . (?06)

B — poer 6 L€

In terms of k, the general expressions for T', K; , and K, in a plane stack
of finite layers take a relatively simple form. We have

772yK2t2 = 7]262(1 - ’73/03)12

Ty (1 — 0

= E [}1’262 - ,U()éo] '—0_———- (207)

= —tom(l + Bt = =1 + E)moits
~ —(1 4 k)b,

after a little rearrangement, where the only approximation that has
been made so far is to set 7, = m and 1 & o1 . Substituting (207) into
(86) and (87) gives

chT =ch ® — (1 + k)O sh O, (208)

and
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K; =‘g—% B+ KO + /I(1 + k)26 — (1 + k)O coth ©® + 1],
' (209)
K, = b% [—2(1 4+ KO+ 11+ £)20* — (1 + k)O coth © + 1],

where as usual
O = ol = (1 + ’L)tl/51 = kil . (210)

If £ = 0, equations (208) and (209) evidently reduce to (158) and (159)
of the preceding section. For a stack of infinitesimally thin layers, the
constants Ty and K are given by equations (93) and (94) of Section
ITI, namely

re= |2 e = o) | = (-2, (211)
K = Tu/§ = (—2ik)/gér . (212)

Up to this point we have set no restrictions on the magnitude of k,
and we have not even assumed that k is necessarily real. Throughout
the rest of this section, however, we shall assume that k is a positive or
negative real number, as it must be if there is no dielectric or magnetic
dissipation.

In practice both the lamina thickness and the amount of dielectric
mismatch will be as small as it is feasible to make them. It will be useful,
therefore, to obtain approximate expressions for I', K;, and K, under
the assumptions

10| <1, | k| < 1. (213)
Then equation (208) yields
sh®il = (ch® — 1) — (1 + k)Osh ©

_ hg_ Q42 (214)

4 48

If || < 1 we can neglect 2k compared to unity in the coefficient of
©*, but since we have made no assumptions as to the relative magni-
tudes of | @ | and | k|, we cannot drop either the term in k®* or the
term in @, If we replace sh 1T by 1T in (214), we get
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1
I' & [0 — 0*/12)

- 7%3 [(0/5)° — Gt
(215)
\/"5 Vi@ + 98 + (/)T

—i(sgn k) [V E(l/o0)t + 9k — 3(t/e)]H),
where we have taken the square root of the complex quantity by Dwight
58.2, and

. +1if k> 0, 216)
sen 'k = 16
8 —1ifk < 0.
Similarly, from (209),
Il__ﬁ,:(l—i—k)@z_{_@«/ P —210—3762)(92_.__}

gt 12

~L1 e+ ov=h=oyiz]
g1t

it

1 9 RS
= o + 300 [(t1/81)° — 64k]

(217)

~ o, WG T OB + 30/a)] + i3/
— isgn B)[VE@/)" + 9% — 3(6/0)]),
Ky~ \/—?—fg; {IVE@/e)* + 9k + 3(0/6)) — iv/3u/6
— d(sgn D[VIW/6)* + 98 — 3/6).

The effective skin depth of a stack of moderately thin layers in the
presence of slight dielectric mismateh is, from (215),
(1 + &) _ \/g(h + )81/t (218)

ReT ~ [VIl/o)' + 98 + 3(/a)]
An equation essentially equivalent to this was given by Clogston, in
somewhat different notation.” It is clear from (211) or (218) that if the
layers are infinitesimally thin, we have

= 6/0| k[, - (219)

and the effective skin depth in the stack is proportional to the skin

17 Reference 1, equation (I11-42). '

A =
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depth 6; in the conducting material at the operating frequency, although
if the mismatch parameter k is small, the proportionality constant mul-
tiplying &; will be large. In the general case, the number of double layers
in one effective skin depth is

A V36/ts
btk [ViG/e) + o+ 2/ 220

and the total thickness of conducting material in these layers is

V35
B it 221
A [m + %(tl/51)2]§ (221)

It is instructive to plot the effective skin depth of a given stack at a
fixed frequency as a function of diclectric mismatch. If

Ao = V3l + L)83/L (222)

denotes the effective skin thickness when there is no mismatch, then the
relative skin thickness when the mismatch parameter is k is just

a V2 (223)

Do [v/1+ 36kt + 1]F

This ratio is plotted against & in Fig. 8, a universal curve being obtained
by measuring k in units of (4/6,)% It is worth noting that when k =
(t/8:)%, the effective skin thickness is only 53 per cent of the skin
thickness with perfect dielectric match.

The surface impedance Zy(vo) of a laminated plane stack at any fre-
quency and with any amount of dielectric mismatch is given by equa-
tion (65),

1Z.(vo) (Kie"" + Ko ™") 4+ K Kp sh nT
Zn (o) sh nl' + $(Kie T + Kye™T)

For a stack with infinitesimally thin layers and total thickness s, the
equation becomes '

Zo(ye) = (224)

Zn(’Yo) ch T's + K sh T's

Zalyo) = K Z(vo) sh Tes + K ch T'es’ (225)
where T'; and K are given by (211) and (212). At zero frequency,
Zol) = — : (226)

7+ 1/ Za(vo)  giTs + 1/Z0(v0)’

while if Z,(yo) is infinite, in general
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0 , .
Zo(ye) = i {30 + Ko (227)

+ B + k)*0* — (1 + kO coth @ 4 11! coth nT'},

which simplifies, for infinitesimally thin layers, to

Zo(vo) = K coth T's. (228)
If the stack is many effective skin depths thick, we have
Zo(vo) = Ky, (229)
while if the individual layers are infinitesimally thin,
Zo(ve) = K, (230)

where K; and K are given by (209) and (211), respectively.
When Zy(ve) is known, the attenuation and phase constants of the
parallel-plane Clogston 1 are given as usual by

a = Re Zy(vo)/mb, (231)

B = &V e + Im Zo(yo)/mob. (232)

For the coaxial cable we use ’
Z1(v0)/pr + Z2(v0)/p2

= 233

Re 20 log (p2/p) (233)

B — 0)'\/[;0-6;) + Im Zl('YO)/Pl + Z?('}'O)/p2 , (234)

2n0 log (p2/p1)

" but the impedances of the cylindrical stacks are easy to compute only if
we can employ the parallel-plane approximation for each stack. To take

1.0 /\
/ 1\
0.6
A / N
A,
® 04 /
_‘——/ ’ T
0.2
° o] 1 2 3 4 5 tf
-5 -4 -3 -2 -~ x
k o2

Fig. 8—Relative skin depth A/A, in a stack of finite layers versus dielectric
mismatch parameter k, measured in units of (£,/8:)2.
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curvature effects into account would require a considerable amount of
numerical calculation. Equation (98) of Section III provides an explicit
expression for the surface impedance of a cylindrical stack of infini-
tesimally thin layers in the presence of dielectric mismatch, in terms of
Bessel functions of complex argument; but if the layers are of finite
thickness we can at present do nothing better than multiply out the
matrices of the individual layers step by step.

The variation of the surface impedance of a laminated stack with
frequency over the full frequency range is not quite so simple in the
presence of dielectric mismatch as when Clogston’s condition is exactly
satisfied, but a somewhat analogous discussion may be given. As in the
preceding section, we consider a plane stack of n conducting layers
each of thickness ¢ , where nty = T4, and backed by an infinite-imped-
ance surface. When the mismatch parameter is &, the three critical
frequencies are:

fi = 1/ (mmg: T7) (T1 = &),
f2 = V/3/(mmgits Tiv/1 + 3n2%?)
= /3nfi//1 + 3n’? (T1 = Ta),
fo = 3/(mmgntt) = 3n’fy (= /30).

In the range 0 = f = f», the surface impedance of the stack is ap-
proximately constant, being given by

Ii

(235)

Zo(yo) = 1/ T . (236)
In the range fo < f = f;, we have
Zo(’Yo) ~ 1{1 : (237)

where Kj is given by (217) provided that k is small compared to unity.
T'or infinitesimally thin layers the upper critical frequency f; is infinite,
and we have for f = f,

Za(or) & | k(1 — i sgn )/gudy
=1 —isgn )N/ mp [ k] f/o1s

which is proportional to +/f. If the layers are of finite thickness but
k = 0, we have the result obtained in the preceding section,

Zo(vo) = (1/4/3 + ) mmtsf, (239)

which is proportional to f up to the critical frequency f. . If neither the
mismatch parameter k nor the layer thickness {; is zero, then the surface

(238)
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impedance Zy(v,) cannot be represented by a simple power of f in the
range fo £ f £ f;. At frequencies above f;, if the layer thickness is
finite, the impedance is approximately that of a solid conductor, namely

Zolyo) = (1 + /g0 = (1 + DVrmf/on (240)

which is proportional to 4/7.

Since in general the surface resistance depends upon the two param-
eters 4;/6; and k, it is not possible to plot a single curve which shows the
variation of resistance with frequency under all possible conditions of
dielectric mismatch. However if we compare a matched stack of finite
layers with a similar mismatched stack, we see that the asymptotic
behavior of Zy(yo) is the same for both stacks at very low and very
high frequencies. A numerical study of the exact equation for Zy(vo)
shows that in the neighborhood of the critical frequency f., the resist-
ance of the mismatched stack is higher than the resistance of the matched
stack. (The critical frequency f» as defined in (235) is a function of the
mismatch parameter k, but will be of the same order of magnitude for
a slightly mismatched stack as for a perfectly matched stack.) The
resistance of the mismatched stack exhibits relatively small fluctuations
above and below the resistance of the matched stack in the neighborhood
of the upper critical frequency f; , but this region is not of as much prac-
tical interest as the region near f», where the stack resistance is defi-
nitely increased by the effect of dielectric mismatch.

An explicit expression for the rate at which the surface impedance of
a mismatched stack begins to depart from its de value as the frequency
is increased has been worked out only for the ideal case of infinitesimally
thin layers. For a plane stack of infinitesimal layers backed by an in-
finite-impedance surface, equation (228) gives, at moderately low fre-

quencies, .
Zoly) = P£ [1 + T (L) ]
8

3 45

1 2ikTi | 4K} @10

1w wn ]
Ty 362 4584
from which the fractional changes in resistance and reactance are

AR _ 4k*TY _ 4k°r'uigi T fz’ (242)
Ry 4564 45
AX _2kTi _ _zkmngif_ (243)

Ry 362 3
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'The admissible value of | k |, if the fractional change in resistance is not
to exceed a specified value AR/R, at a given top frequency f,, is

k| = 250 1/5—? - V5 /AR (244)

2T? T 2rmgi f T2V Ry

which is inversely proportional both to f,, and to the square of the total
thickness of conducting material in the stack. If we express T in mils,
fm in Mec-sec™, and assume the conducting layers to be copper, we get

2271 @
(fm) Mc( Tl) 3nils RO )

The variation with frequency of the surface impedance of a matched
stack of finite layers at moderate frequencies (say f = f2) is given by
equation (192) of Section V; but no simple formula has yet been de-
rived for the surface impedance of a mismatched stack of finite layers
in this frequency range. The derivation of such a formula would appear
to involve nothing more than some rather formidable algebra, the diffi-
culties centering around the fact that in the general case we can make
no a priori assumptions as to the relative magnitudes of k and (t,/8,)".
It is reasonable to suppose, however, that if both dielectric mismatch
and finite lamina thickness contribute appreciably to AR/R,, the per-
missible values of | k | and ¢ individually will be less, if we are to achieve
a given flatness of the attenuation versus frequency curve, then the
permissible value of either if the other factor were unimportant.

To exhibit the effect of dielectric mismatch from a slightly different
point of view, we may plot the surface resistance of an infinitely deep
plane stack of moderately thin layers (a finite stack several effective
skin depths thick would show essentially the same behavior) at a fixed
frequency, as a function of the mismatch parameter k. The surface re-
sistance is just Re K;, which may be obtained from (217) if k¥ and
t/61 are assumed small compared to unity. Fig. 9 shows the dimension-
less quantity

[E| = (245)

1

Re gisiks = 7= [v/10/8)" + O + 3(t/8)7, (246)

for the three values t,/8; = 0, &;/6; = 0.1, and ¢,/6; = 0.2. For an elec-
trically thick solid conductor we have simply
Re g161K1 = 1, (24:7)

hence to get any benefit from the laminated stack we must have
Re ¢16:K; smaller than unity. Actually, if we meet Clogston’s condition by
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Tig. 9—Normalized stack resistance Re ¢:18,K; versus dielectric mismatch
parameter k, for different values of ¢1/6;.

raising the dielectric constant and thus lowering the impedance of the
main dielectric, then since the attenuation constant of the line is pro-
portional to the ratio of stack resistance to dielectric impedance, we
must have Re ¢:16:K; considerably smaller than unity to obtain a lower
attenuation with the Clogston line than with an ordinary air-filled line
having solid metal walls.

For a plane Clogston 1 line with stacks of equal thickness, the frac-
tional change in the attenuation constant with frequency is equal to
the fractional change in the resistance of either stack, whether this
change arises from the effects of finite lamina thickness or from di-
electric mismatech or both. The fractional change in the attenuation con-
stant of a coaxial Clogston 1 depends not only on the change in resist-
ance of each stack, but also on the geometric proportions of the cable,
in the manner expressed by equation (200) of Section V.

The effect of dielectric mismatch on the overall attenuation versus
frequency characteristic of a Clogston cable is in general to reduce the
total frequency range (in Mec-sec™') over which the Clogston cable has
a smaller attenuation constant than a conventional air-filled coaxial
cable of the same size. To calculate the lower crossover frequency we
may ordinarily neglect finite lamina thickness effects and use equation
(241) for the stack impedances, while at the upper crossover frequency
the stack impedances are very nearly equal to K;, as given by (217).



940 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

It should be remembered that mismatch of the ue product of the main
dielectric will usually be accompanied by a change in the dielectric
impedance /| uo/€ - Thus under certain conditions the lower crossover
frequency may even be reduced by choosing € slightly below the Clog-
ston value, inasmuch as the increase in dielectric impedance may more
than compensate for the increase in stack resistance at low frequencies;
but it appears that this will be paid for in a steeper slope of the attenu-
ation versus frequency curve and a consequent greater reduction of the
- upper crossover frequency.

It would be very useful to make a numerical study of the effects of
dielectric mismatch in Clogston cables having a variety of different pro-
portions; but in the present paper space limitations restrict us to a few
observations concerning orders of magnitude. For the cable which we
considered at the end of the preceding section, it turns out than an
increase or decrease of 1 per cent in the value of & makes a change of
at most a very few per cent in either crossover frequency; with a matched
dielectric, we recall, these crossover frequencies were about 1 Mc-sec™
and about 280 Me-sec respectively. However if we had designed a
laminated cable with thicker stacks or thinner laminae or both, so as to
increase the theoretical factor of improvement over a conventional cable
in the working frequency range, we should have found that the tolerable
deviation of & from Clogston’s value, instead of being of the order of
1 per cent, was more nearly of the order of 0.1 per cent or even smaller;
and the greater the improvement striven for, the more stringent the re-
quirement of accurate dielectric match.

VII. DIELECTRIC AND MAGNETIC LOSSES IN CLOGSTON 1 LINES

Dielectric and magnetic dissipation in the main dielectric and in the
stacks can be taken into account by introducing complex dielectric con-
stants and permeabilities for the lossy materials. Thus we may write

@ = e — i = € (1 — ¢ tan ),
€@ = 6’2 — ielg' = elz ¢! - 1 tan ¢q),
po = po — o = po (1 — 4 tan {o), (248)

pe= gy — G = py (1 — 1tan f),

po = pp — ur = pe (1 — 7tan (),
where in the most general case the loss tangents may all be different,
though it will be assumed that they are all small compared to unity, so
that the problem may be treated by first-order perturbation methods.

0y
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The average rate of energy dissipation per unit, volume in a lossy di-
electric by a harmonically varying electric field of maximum amplitude
Il is just %we”IF, since the imaginary part € of the complex dielectric
_ constant corresponds to a conductivity ¢ = we”. Similarly the average
rate of energy dissipation per unit volume in a lossy magnetic material
by a harmonically varying magnetic field of maximum amplitude H is
1op”H'. The part of the attenuation constant which arises from di-
electric and magnetic dissipation is one-half the ratio of power dissipated
per unit length of line to total transmitted power, provided of course
that the attenuation per wavelength is small. Since the loss tangents
of the various materials are assumed small, we can use the fields found
for the lossless case to calculate the transmitted and dissipated power.

If the volume occupied by currents in the stacks is small compared -
to the volume of the main dielectric, so that we can neglect the power
flow in the stacks in the direction of wave propagation compared to the
power flow in the main dielectric, then the part of the attenuation
constant which is due to dielectric and magnetic dissipation is given by
equation (51) of Section II, namely

as = 2o/ me(tan ¢o + tan fo) = f—% (tan ¢o + tan o),  (249)

where A, is the vacuum wavelength and uo, , e, are the real parts of the
relative permeability and relative dielectric constant of the main di-
electric. This equation will be derived from energy considerations pres-
ently. It should be noted that the part of the attenuation constant
given by (249) is directly proportional to frequency, provided that the
loss tangents are independent of frequency; but it is the same for both
plane and coaxial geometry and is independent of all the geometrical
factors which describe the size and the relative proportions of the line.
Equation (249) will probably be sufficiently accurate for all Clogston
1 lines having the proportions (stacks thin compared to main dielectric)
which we have considered in Part I. As an example wherein we also take
into account the power flow in the stacks, however, we shall treat a
parallel-plane line with infinitesimally thin laminae backed by high-
impedance walls. Then, according to equations (120) and (121) of
Section IV, the principal field components in the main dielectric are

H,~ H,,
B, = — V/uy/éHo, (250)

and in the stacks,
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H, =~ Hy(3a F y)/s,
B, = — \/§'/¢Ho(3a F y)/s,

the propagation factor ¢ ! being understood throughout. To take _
account of dielectric and magnetic dissipation in the stacks, we write

e =¢ — ¢ = [e/(1— 0] — /0 — 0)],
B=g =i = [0+ (1 — )] — d[0u) + (1 — Oue].

(251)

(252)

The average power P, transmitted through the main dielectric is
obtained by integrating the real part of the z-component of the com-
plex Poynting vector 2E X H* over unit width of the line; thus

E - -
Po=3 [ G dy = WAGHHD. (259

Similarly, the average power P; transmitted per unit width of either
stack is

Po=14 [ [VETE HaHliGa — 1)/ dy (259

= IFEHHYs.

The average power AP, dissipated in the main dielectric per unit length
and width of the line is

3b
APy = bo [ &1} + uHHE dy
i
(255)

= Loleo (uo/e0) + po JHoHb

= YopHoHb(tan ¢ + tan (o),
while the average power AP; dissipated per unit length and width of
either stack is

3a

AP, = 1o f R + 5HLH dy (256)
= twp'HoHo's (tan ¢ + tan §),
where

" " "

: R Opy + (1 — O)pe
1, = — = . 257
an = Our + (1 — 0)ue (257)

The attenuation constant due to dielectric and magnetic dissipation is
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AP, + 2AP;
2(Py + 2P)

= lov/id (tan ¢ + tan o) + (25 s/3uob)(tan ¢2 + tan g‘)
2 T+ @s/3b)n/Ze/ue

which reduces to (249) if we neglect the terms in s/ b. The total attenua-
tion is the sum of the metal losses, given by equation (110), and the
dielectric and magnetic losses.

For a coaxial Clogston 1 cable with infinitesimally thin laminae and
high-impedance boundaries, the principal field components are given by
equations (126)—(128) of Section IV. In the main dielectric we have

g =

(258)

Hy, ~ _.I_ s
2mp
= (259)
e, ~ H_O PR
‘ B & 2mp’
while in the inner stack,
I(p* — a*)
Hy =~ 2mp(p1 — )’ (260)
i~ i Lo —la)
TN 2mp(el — @)’
and in the outer stack,
I* — o)
He ™ @ = 53 s
E ~ I._L/ 1 (b2 - p?)
PN E 200" — o)
The average power transmitted through the main dielectric is
7 T
Py =L g/Ba I, e (262)

2 6(’) 2w p1 !

while for the average power transmitted through the inner and outer
stacks it will be sufficient to replace the exact expressions by the follow-
ing simple approximations,

1 & IT* s ‘
Pl~§4/a'§;-3—m’ (263)

1 ﬁ, II* Ss



944 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

For the average power dissipated per unit length of line in the main
dielectric and the inner and outer stacks we have, respectively,

APy = Loug IQL log (tan ¢ + tan &), (265)
AP, ~ zwp,l %I— S1 (tan ¢2 + tan g')

I+ (266)
AP2 ~ 2(.0[1, 2— ﬁ' (tan ¢2 + tan g‘)

The part of the attenuation constant which is due to dielectric and
magnetic dissipation is therefore

AP, + APy + AP,
2(Py + P1 + Py

g =

log = (tan ¢o -+ tan ¢o) + E? (; §g> (tan ¢z + tan ¢)
1 P2

log 2 + L «/Fa (i‘ + 8—2>
o 3 e \pr - pe

= 2“’\/#060

We need scarcely point out that if the loss tangents are not small
compared to unity, it may be impossible to satisfy Clogston’s condition
(102) very closely with a real value of 6, and the resulting mismatch
may reduce-the depth of penetration and increase the metal losses in
the stacks. In practice, however, the loss tangents will be of the order
of 0.001 or even 0.0001, and matching the imaginary parts of we and
f& will be much less of a practical problem than matching the real parts.

AppENDIX 1

BESSEL FUNCTION EXPANSIONS

Let p; and p» be the inner and outer radii of a cylindrical shell and
let the thickness ¢, given by

t=p— p1, (A1)

be less than p; . Then, following Schelkunoff,' we may replace the Bessel
functions appearing in equation (68) of Section III by their Taylor ex-
pansions, namely

1 8. A. Schelkunoft, Bell System Tech. J., 18, pp. 561-562 (1934).
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Io(kps) = Io(kpr + «t) = i @l I (kpy),

Kolkps) = Kolepr + ) = > (“‘) " K8 (e,

n=0

; (A2)
hew) = 1o = 35, 0 17 o),
Ki(kps) = —Kg(lcpg) = —Z=0 (—%l Kénﬂ)(r{pl).
It follows that
Ko(Kpl)I 1(KP2) + Kl(Km)Io(KPl) = ;0 (Kt‘ n+1(KP1)
Ko(kp) Io(kps) — Kolkpa) Lo(kp1) = — Z_: (’Z? B.(xpy),
B (A3)
K1(Kp1)11(lfp2) - Kl('fpz)Il(Kpl) = );5 (Kt) n+1(KP1))
K1(KP1)IO(KP2) + Ko(KP2)Il(KP1) = ;0 (,:l)" An(Kpl)7
where
Au(@) = I@) K™ (@) — Ko(@)I§ (x), (Ad)

B,(x) = Li()K{”(z) — Ko(x)I{® ().

The quantities A,(z) and B,(x) turn out to be finite polynomials in
1/z, the general expressions for the coefficients having been derived in
a rather inaccessible monograph by Pleijel.” When z is large, however,
the leading terms are quite simple. From Pleijel’s analysis, or directly
by substituting the asymptotic series for Iy(x) and Ko(z) into (A4), we
find

A?m(x) = l/x + O(I/xs),
Agmia(z) = —7n2/9c2 + 0(14/904), (A5)
Byn(x) = m/z" + O(1/x"), ‘

Bini(z) = —1/z + 0(1/2"),
where m is a positive integer or zero.
If we substitute these appr0x1mat10ns into the first of equations
(A3), we obtain

2 H. Pleijel, Berdkning af Motstdnd och Sjilfinduktion, K. L. Beckmans Bok-
tryckeri, Stockholm, 1906.
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Ko(kp1) In(kpz) + Ki(kps) Lo(xp1)

N_l_ el (Kt)2m B 1 © (m+ 1)(Kt)2m+1
T kp st Cm)! (kp)t s (2m A+ 1)

1 1 (40
= ch «t ( e I: — (z sh x):lzﬂt

1 £
= I:Km 2Kp1:| ch xt — 3 (Kp1)2 sh «t.

The other three equations may be treated similarly. Doing so, and
remembering that

po/pr = 1+ t/p1, (A7)

we obtain the results which were quoted in Section III, namely

kpl Konle + Kuiolot) &= | 1+ % ch kit — 5:7 sh «t,
1 1

kpo(Koloe — Koelr) =~ |14 — | sh kt,

2
P1~ (AS)
kpe(Kule — Kiln) =~ 1 -+ 5;— sh «i,
1
kpo(Knuloz + Koolu) =~ | 1+ z ch xt + 2Tlp sh «i,
1 1

up to first order in ¢/p; .

TABLE OF SYMBOLS

Note: Rationalized MKS units are employed throughout. The sub-
scripts 0, 1, 2 applied to symbols representing material constants, such
as ¢, u, ¢, o, and 7, have the significance that 0 refers to the main dielec-
tric in a Clogston line, while 1 refers to the conducting layers and 2 re-
fers to the insulating layers in the stacks. Bars denote average values.
Subscripts not included in the present table are explained in the context
where they are used.

@, ®, C, D: FElements of the general circuit parameter matrlx (Section

II1).

a: Distance between outer sheaths of plane Clogston line.
Radius of inner core of coaxial Clogston line.

b: Thickness of main dielectric in plane Clogston line. Inner

radius of outer sheath of coaxial Clogston line.
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A parameter related to the degree of nonuniformity in a
laminated medium (Section XII).

Electric field intensity; coordinate subscripts indicate
components.

Frequency.

Electrical conductivity.

8. ; average conductivity parallel to laminated stack.

Magnetic field intensity; coordinate subscripts indicate
components.

—1ko} & transverse separation constant (Section X).

Electric current.

Vv -1

Electric current density; coordinate subscripts indicate
components. 4

Characteristic impedance of stack of infinitesimally thin
laminae.

Characteristic or iterative impedances of laminated stack
(introduced in Section III).

A parameter related to dielectric mismatch in a Clogston
1 line (Section VI).

The general circuit parameter matrix (RRCD-matrix).

A mode number.

Number of double layers in a laminated stack.

A mode number.

A parameter related to the propagation constant in a
Clogston 2 line (Section XI).

A-c resistance of a laminated stack.

Ratio of attenuation constants of Clogston and conven-
tional lines (Section XII).

Thickness of a laminated stack.

Thicknesses of inner and outer stacks in a coaxial Clog-
ston 1.

Total thickness of conducting material in a laminated
stack (subscripts explained in context).

Total thickness of conducting material in one effective
skin depth.

Thickness of an electrically homogeneous layer. Time.

Thickness of a single conducting layer.

Thickness of a single insulating layer.

Electric potential.

An abbreviation for H, in Section XII.
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AC reactance of a laminated stack.

Rectangular coordinate in the direction of magnetic field
in-a plane Clogston line.

Rectangular coordinate in the direction normal to the
stacks in a plane Clogston line.

Surface impedance of a plane or cylindrical boundary;
ratio of tangential components of the electric and mag-
netic fields (subscripts explained in context).

Characteristic impedance of a transmission line.

Rectangular coordinate in the direction of wave propa-
gation. ‘

Re v; attenuation constant.

Im «v; phase constant.

Propagation constant per double layer normal to lam-
inated stack.

T/(t + t); average propagation constant per unit dis-
tance normal to laminated stack.

Propagation constant in longitudinal direction.

Effective skin depth; the depth at which the current den-
sity in an infinite plane stack has fallen to 1/¢ of its value
at the surface. A small change in a quantity.

V2 /wug; skin thickness in a solid conductor.

Dielectric constant (capacitivity or permittivity).

e/(1 — 6); average dielectric constant measured normal
to laminated stack.

€/ ¢, ; relative dielectric constant.

Dielectric constant of vacuum; 8.854 X 107 farads-me-
ter ™.

Real and (negative) imaginary parts of complex dielectric
constant.

tan""(u”/u’); phase angle of complex permeability.

Viwu/(g + iwe); intrinsic impedance of medium.

Intrinsic impedance of vacuum; 376.7 ohms.

2(1 — +/d")}; characteristic impedance looking in the
y- or p-direction in a homogeneous medium.

(1 4 2)t:/8:1 ; a parameter related to the electrical thick-
ness of a.conducting layer.

ti/(ti + t2); fraction of stack volume filled by conducting
layers. '

(¢* — +"); transverse propagation constant in the y- or
p-direction in a homogeneous medium.
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A parameter related to the propagation constant in a
Clogston 2 (Section XIT).

Wavelength.

Free-space wavelength.

Permeability.

Our + (1 — O)us ; average permeability measured parallel
to laminated stack.

w/uy ; relative permeability.

Permeability of vacuum; 47 X 107" henrys-meter .

Real and (negative) imaginary parts of complex per-
meability.

y/a -+ L; normalized coordinate transverse to a plane
Clogston 2 line (Section XII).

Radial coordinate in cylindrical system.

Inner and outer radii of main dielectric in coaxial Clogston
line. . o

V'iwu(g + 1we); intrinsic propagation constant of medium.

Angular coordinate in cylindrical system. Phase angle,
tan'(¢”/¢’), of complex dielectric constant.

—1T'; ; a transverse separation constant.

Angular frequency in radians-second™.

FUNCTION SYMBOLS

Re:
Im:
log:
sh:
ch:

Jo,J1:
No,N1:

I(),IlZ

I{O , I(l .

Real part.

Imaginary part.

Natural logarithm.

Hyperbolic sine.

Hyperbolie cosine.

Bessel functions of the first kind.

Bessel (Neumann) functions of the second kind.
Modified Bessel functions of the first kind. ~
Modified Bessel functions of the second kind.



Electrical Noise In Semiconductors

By H. C. MONTGOMERY
(Manuscript received June 3, 1952)

Transistors, diodes, and single crystal filaments of germanium have com-
mon noise properties: a spectrum varying inversely with frequency, and
strong dependence on the biasing current. Theoretical attempts to explain
this noise are reviewed briefly. Experiments with single crystal filaments
indicate that the noise resides in the behavior of the minority carrier. In
one type of experiment, the correlation of noise voltages in adjacent por-
tions of a filament is quantitatively related to the lifetime and transit time
of minority carrier. In another, the effect of a magnetic field on the noise s
found in accord with calculated changes in lifetime of the minority carrier.

In the development of the transistor it was recognized quite early
that electrical noise in the device was considerably in excess of Johnson
noise, particularly at low frequencies. Noise having a similar spectrum
had been observed many years earlier in microphonic carbon contacts
carrying a current, and in copper oxide rectifiers, composition resistors,
and crystal diodes. Flicker noise in vacuum tubes appears to be a re-
lated phenomenon. A number of attempts have been made to deter-
mine the mechanism of production of noise of this sort, but none have
been particularly successful. »

In this paper we will first survey the more important characteristics
of noise in germanium diodes and transistors. This will be followed by
a partial hypothesis as to the nature of the noise mechanism. We will
then discuss experimental work on noise in filaments of single crystal
germanium carrying a de current. These experiments strongly support
the hypothesis, and in fact led to its formulation in the first place.

I. NOISE IN DIODES AND TRANSISTORS

There are many similarities in the noise phenomena found in diodes
and transistors of both the point contact and junction type. It seems
likely that the noise mechanism is similar in all these devices.

One of the most characteristic features of the noise in such structures

950
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is the spectrum. The spectral density (power per unit bandwidth) varies
inversely as the frequency, according to the relation

dW = 7 df

where the exponent lies between 1 and 1.5 with an average about 1.2.
This type of spectrum will be referred to as a 1/f spectrum. Measure-
ments of the spectra of silicon point contact diodes have been reported
by P. . Miller' for the frequency range 20 cycles to 300 kilocycles.
Spectra of point contact transistors measured by the author have been
reported elsewhere® ® for the range 20 to 15,000 cycles. Typical spectra
for p-n junction type diodes and transistors are shown in Fig. 1. Almost
without exception, our measurements and those reported in the litera-
ture have shown the 1/f spectrum over most of the frequency range
covered. There is some evidence from the related fields of flicker noise
and carbon microphone noise that the 1/f spectrum may extend to fre-
quencies well below 0.1 cycle per second. Some departures from this
type of spectrum have been noted in the neighborhood of 100 ke, as
shown in the curves.
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A second characteristic feature of noise in all semiconductor devices
is that it is current dependent. In the absence of biasing current only
Johnson noise is observed. When biasing current is present the noise
power may be as much as three or four orders of magnitude above
Johnson noise. As a general thing the noise increases as the bias is in-
creased, although some minor exceptions to this rule are noted, usually
at bias values where the slope of the current-voltage curve is changing
rapidly.

To illustrate the bias-dependent behavior, the noise properties of
some germanium diodes of various types are shown in Fig. 2. The short
circuit noise current in a 1-cycle band at 1000 cycles is plotted as a func-
tion of dc bias current, some of the data being for forward bias, but most
for reverse bias. Several curves are shown for each type of unit, and
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these are typical of the variations encountered. There is a general ten-
dency for noise current to increase in proportion to bias current, but in
limited regions the individual units may have slopes considerably dif-
ferent from unity. It would perhaps be more logical to plot current
densities rather than total currents, but because of the general form of
the relations this makes little difference in the overall picture, and
there is some difficulty in estimating the appropriate area for the point
contact units. There is an almost unlimited number of different ways
of representing noise data. For example, noise current, current density,
voltage, or available power may be expressed as a function of various
bias parameters. Of a good many combinations tried, none gave an
outstandingly simple picture of noise behavior, and the representation
used in Fig. 2 is probably as good as any for an overall picture of diode
noise.

The noise behavior of transistors depends on two bias parameters.
Selection of the emitter current and collector voltage for the parameters
usually leads to a rather simple representation. It often turns out that
the noise behavior as an amplifier over the commonly used range of bias
values depends largely on the collector voltage and is relatively inde-
pendent of the emitter bias. Data of this sort were shown for point
contact transistors in a previous reference,” and have been given for
an n-p-n transistor by Wallace and Pietenpol.* A somewhat more com-
plete family of curves is shown in Fig. 3 for a recent n-p-n transistor.

A few attempts have been made to determine the effect of tempera-
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ture on noise behavior. Such experiments have been rather unsatisfac-
tory because the changes in impedance and gain characteristics as a
function of frequency are of the same order as the changes in noise prop-
erties. This makes the interpretation ambiguous. By and large, such
experiments suggest that changes in noise with temperature are rather
small, perhaps of the order of the change in absolute temperature, and
not at all like the exponential changes associated with a diffusion process.
This observation does not necessarily rule out a diffusion-like noise
process; it might indicate merely that we are not looking at the right
part of the spectrum to observe exponential changes with temperature.

II. A HYPOTHESIS REGARDING THE NOISE MECHANISM

Considerable work has been done on the theory of current-dependent
noise having a 1/f spectrum. Among the earliest was that of Schottky®
in connection with flicker noise in vacuum tubes. He considered the
arrival of foreign atoms on the emitting surface of the cathode as a
random series of events governed by a diffusion law with a charac-
teristic time constant, and arrived at a 1/f* rather than a 1/f spectrum,
and a highly temperature sensitive process. Surdin® pointed out that by
postulating a series of decay processes with suitably distributed time
constants a 1/f spectrum could be achieved. From physical arguments
regarding the emission process from cathodes, Macfarlane’ obtained a
range of relaxation times and a 1/f spectrum, in a process which was
highly temperature dependent. Richardson® gave a very general anal-
ysis of the noise properties of systems in which the conductivity was
governed by a diffusion process. One conclusion was that a geometrically
simple diffusion process in one, two, or three dimensions could not lead
to 1/f spectrum, although by some highly specialized assumptions about
the geometry of a contact surface he was able to obtain such a spectrum.
DuPré,’ in considering a hypothesis somewhat resembling that of Sur-
din, showed that the required range of activation energies was phys-
ically reasonable, and that the assumptions could be set up in such a
way as to make the process relatively temperature independent. Several
of the above authors and Van der Ziel'® discuss the physical basis for
applying flicker noise theory to the noise in semiconductors. Although
this theoretical work has contributed a great deal to distinguishing be-
tween suitable and unsuitable mechanisms, there is still no specific
physical theory of noise in semiconductors which can be tied in a quan-
titative manner to experimental results.

The experimental work described in the remainder of this paper has
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led to a hypothesis regarding the noise mechanism, which is by no means
a complete explanation, but which may be a useful step in that direc-
tion. This hypothesis resulted largely from the experimental work, but
it seems worth while to describe it first to help appreciate the signifi-
cance of some of the experimental results.

It has been observed.that in many semiconductor structures the
noise voltage is approximately proportional to the de bias current.
This relation suggests that the noise is the result of fluctuations of the
conductivity of the material, which modulate the bias current and pro-
duce a fluctuating voltage across the specimen. Such fluctuations in
conductivity could result from variations in concentration of the mi-
nority carrier (holes in n-type material, electrons in p-type). The mag-
nitude of the observed noise and the type of spectrum seem to demand
that the fluctuation be coarse-grained in time to a much greater extent
than could be accounted for by random statistical fluctuations of carrier
density. Experiments of Haynes" on lifetime and transit of injected car- -
riers in rods of germanium have occasionally indicated finite sources of
minority carriers in the material. Our hypothesis is that such sources
of carriers are rather generally distributed over the material (although
mostly too small to be noticed in experiments of the Haynes type), and
that their activity is being modified at a slow rate by some unspecified
local influence in a suitable way to agree with the observed noise spec-
trum. ] .

The experiments described below involving noise correlation phenom-
ena and the effect of a magnetic field on noise point strongly to an im-
portant role for the minority carrier in the noise mechanism, and hence
strongly suggest some such hypothesis as that just described.

III. NOISE IN SINGLE CRYSTAL FILAMENTS

It was found several years ago that a filament cut from single crystal
germanium of high purity exhibits noise well above Johnson noise when
a de current is flowing in it. It is not clear whether this noise arises in
the body of the material or on the surface, but to date no method of
preparing the sample has eliminated this noise, and it is a prominent
feature even at bias fields as low as 10 volts per centimeter. This noise
seems to have most of the characteristics of the noise in diodes and
transistors: it has the 1/f spectrum, is current dependent, and is quite
stable with time. It has been the subject of considerable study in the
hope that a better understanding of it would illuminate the whole field
of semiconductor noise.



956 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

Samples, referred to as “bridges”, have been cut from thin slabs of
single crystal germanium, by a technique devised by W. L. Bond,”
often of a form shown in Fig. 4. Side arms for both the current and
the noise measuring electrodes have been found necessary to avoid
spurious noise at the electrodes. A large inductance in the bias circuit
greatly reduces the effect of any noise voltage generated at the bias
electrodes. The spurious noise power from this source is seldom more
than a few per cent of that being measured. It should be noted that the
contact area for the noise measuring electrodes should not be on a por-
tion of the specimen carrying bias current, otherwise spurious noise may
be generated at these electrodes. Typical dimensions for the straight
central filmanent of the bridge are 0.05 x 0.05 x 0.7 ¢cm. The side arms
have sandblasted surfaces to suppress holes or electrons injected at the
electrodes. The central portion may be etched, sandblasted, or other-
wise treated at will. The enlarged circular areas are rhodium plated to
provide good contacts to each side arm.

Measurements of the noise spectrum in such bridges with several dif-
ferent etching treatments and with sandblasted surfaces are charac-
terized by the 1/f spectrum over a wide frequency range.* Fairly ex-
tensive measurements have been made in the audio frequency range,
and a few covering the range from 20 cycles to 1 megacycle. A typical
spectrum is shown in Fig. 5.

The current dependence of the noise is shown in Fig. 6 for a number
of samples, mostly n-type, one p-type, and with various resistivities.
The outstanding feature is that noise voltage always increases with de
bias voltage. In many cases there is direct proportionality at the lower
bias values, increasing to a square law at higher biases. There are some

TO NOISE
MEASURING
AMPLIFIER

—

LENGTH
ABOUT 7MM

Fig. 4—Filament with side arms cut out of a single crystal of germanium.

* Departures from the 1/f spectrum at frequencies of the order of 100 kilo-
cycles and above were first discovered by G. B. Herzog and A. Van der Ziel.
See Reference 13.
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exceptions to this trend. Also, there are large variations in the magni-
tude of the noise. An average unit shows a noise voltage about three
times Johnson noise at a bias of 10 volts per centimeter.

The noise behavior at reduced temperatures has been investigated.
Results on ‘three different bridges are shown in Fig. 7. The open circuit
noise voltage is shown as a function of temperature for constant bias
voltage. Although the curves show rather large irregularities, there
seems to be no general trend for noise to decrease with decreasing tem-
perature over the range covered, from —200°C to room temperature.

The surface treatment applied to a bridge may affect the noise very
substantially. A sandblasted surface usually gives the lowest noise.
Etching the surface may raise the noise voltage by a factor of ten or
more, though the dec resistance changes only a few per cent. The tech-
nique of washing and drying the surface may have an important effect



958 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

100
- /
80 /
— P
& 60 ! /
35 N-TYPE
g 50
5 ——— p-TYPE
40
o
o
Q
o 30 5
<
w
0 20
<]
z RESISTIVITY
4 IN OHM-CM:
o
%]
Ed
o 0
) -
/
o 8
6
: g
z /
4
w /‘/y
g 3 ) A /
3 v
9] /
> / /
/7
w
22 ZICS
z V.4
Cd
// /
-4
1 : [ | ] {
1 2 3 4 5 6 8 10 20 30 40 50 60 80 100

BIAS FIELD IN VOLTS PER CENTIMETER
Fig. 6—Variation of noise with dc bias in single crystal filaments.

on the noise. Some of these processes also affect the lifetime of carriers
in the bridge to a large extent. However, there seems to be no direct
and simple relation between the two effects, since treatments have been
found which change the noise by a large factor with almost no effect on
lifetime, and vice versa.

Fig. 8 shows measurements of noise voltage on several dozen bridges
at a uniform bias of 10 volts per centimeter, all having sandblasted sur-
faces, mostly of n-type but a few of p-type germanium, and with widely
different values of resistivity, produced by varying impurity concentra-
tions. There is considerable scatter in the results, but there is a fairly
obvious tendency for noise voltage to increase in proportion to resis-
tivity. Since Johnson noise also increases in proportion to resistivity in
a structure of fixed dimensions, the conclusion is that with constant bias
voltage the ratio of current induced noise to Johnson noise tends to be
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independent of the resistivity of the material. From the data it also
appears that there is no consistent difference between n- and p-type
material. '

Noise does not appear to depend on orientation of the filament with
respect to the crystal axes. Filaments orientated along the 100, 110, and
111 directions and rotated in several ways about these directions showed
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no significant differences in noise behavior. It should be noted, however,
that small variations might be hidden in the large scatter in the data
from undetermined causes.

IV. NOISE AND MAGNETIC FIELDS

An important role for the minority carrier in the noise mechanism
was first clearly indicated in experiments on the effect of a magnetic
field on noise in germanium filaments. It has been found experimentally
that the noise in a single crystal filament may change by a substantial
factor when the filament is subjected to a steady transverse magnetic
field. The following discussion will show that this behavior is in har-
mony with the hypothesis of noisy injection of minority carriers, as set
forth in a preceding section.™®

The physical picture on which this treatment is based involves the
random injection of holes into an n-type filament by hole sources which
may be either in the interior or on the surface of the filament.{ It is
assumed that the spectrum of the noise arises from the fluctuating na-
ture of the noise source. The effect which any source has will depend
upon the lifetime of the holes which it emits. If these holes remain in
the filament for a long time, they will produce more noise than if they
remain in the filament for a short time. We shall be concerned with
the effect of magnetic fields upon these lengths of time and shall not
deal in this paper with the fluctuations of the noise sources themselves.
If a transverse magnetic field is applied to an n-type germanium fila-
ment, a Hall effect voltage is set up and the holes will be deflected to-
wards one surface of the filament. Since recombination takes place prin-
cipally at the surfaces, this may cause a substantial change in the lifetime
of the holes. In order to determine the effect of the magnetic field on
the noise we proceed along the following lines.

(a) We assume that the observed noise is due to fluctuations in the
conductivity of the filament produced by fluctuations in the hole con-
centration. Since these fluctuations are small, we may take the change
in conducitivity to be proportional to the change in average hole den-

* The following semi-quantitative theory of the dependence of noise on mag-
netic field is taken with some modification from unpublished work of W. Shock-
ley and H. Suhl; on the basis of which the calculations leading to the curves of
Figs. 10 and 11 were carried out. It is hoped that this work may be published in
the near future.

t To simplify the terminology, the discussion is based on n-type material with
holes as minority carrier. An exactly similar argument could be made for p-type
material with electrons as the minority carrier. There is some experimental evi-

dence of the similarity of behavior of n- and p-type germanium, though most of
the experimental work has been done with n-type.
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sity. (b) We restrict the noise measurements to frequencies low enough
so that the period is long compared to the lifetime of a hole. It is then
evident that the contribution of a hole source to the noise is proportional
to the fluctuating hole current generated by the source and to the aver-
age lifetime of the holes. This lifetime depends on the position of the
source in the filament, the absorption properties of the surfaces and the
electric and magnetic fields.* (¢c) We assume that the generation prop-
erties of the sources are unaffected by the magnetic field, hence, the
calculation of the effect of the field on the noise reduces to a problem of
calculating the change in lifetime produced by the field. (d) We neglect
body recombination in comparison with surface recombination. In ger-
manium filaments of the size usually dealt with, this approximation
causes only a small error in the lifetime. (e) Individual sources (or at
any rate groups of sources over regions small compared to the dimen-
sions of the filament) will be considered to be statistically independent;
therefore, the total effect on the noise can be determined by summing
the squares of the contributions from individual sources. Hence we wish
to evaluate the following expression:

Change in noise power at field H = (+*(H))/(*(0)) 1

where the symbol () indicates an average over all the noise sources.
The statments (a) to (e) represent the principal assumptions in de-
veloping the theory.

In order to calculate 7 as a function of the magnetic field, H, we con-
sider a steady state case in which a current of holes J; is injected into a
region in which the average lifetime is 7. If the density of holes in the
region is p(z, y, 2), the total number is

P = fp(ac, Y, 2) dz dy dz.

However, P = Jor/q, where ¢ is the charge carried by a hole. Therefore,

=L [ 0,4, do dy az @

This is the method of evaluating 7 which is used in the qualitative dis-
cussion which follows, and also in the calculation of the curves of Figs.
10 and 11.

* It should be pointed out that a consequence of the hole injection theory of
noise in a filament is that marked frequency dispersion should occur when the
frequency being studied is high enough so that a period is short compared to the
lifetime of holes in the filament. However, we shall neglect this important and
interesting aspect of the problem.
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Three cases will be treated. In all of these it will be supposed that the
width of the filament parallel to the magnetic field is relatively large,
so that effects from the edges can be neglected. Also, we are concerned
only with average effects over the long dimension of the filament. This
permits us to deal with a one-dimensional problem. We shall consider
first the case in which holes are supposed to be injected from the sur-
faces, and the two surfaces have equal and rather large recombina-
tion rates. In Fig. 9, part (a) shows how holes injected from each
surface are distributed across the thickness in the absence of a mag-
netic field, and part (b) shows the distribution with a moderate field.
The form of these distributions may be determined from the following
arguments.
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Fig. 9—Excess hole density across the thickness dimension, (a) with no magnetic
field, (b) with moderate magnetic field. -

If we suppose a steady hole current J, emitted from the left-hand
surface of the filament, then a relatively high concentration p; of holes
will appear directly in front of the surface. Some of these holes will re-
combine upon the surface, the rate J, being given by

J1 = p1Sq

where S is the recombination constant for the surface. The balance of
the holes will diffuse through the filament to recombine upon the right
surface at a rate

J2 = p2Sq

and we note that J, 4+ J: = J. Because of the high recombination rate,
pe will be very small; hence, J; will be much smaller than J; . In the ab-
sence of a magnetic field the gradient is uniform, and the concentrations
will be linear, as shown in part (a) of the figure. An identical argument
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applies to p,, the concentration of holes emitted from the right-hand
side.

Under the influence of a magnetic field pushing holes toward the right,
the concentrations will change to those shown in part (b) of the figure.
The magnetic field will pull holes through the filament and tend to pre-
vent diffusion from right to left. For some moderate value of field, the
value of J; is not increased enough to change. J; appreciably, so the
value of p; is nearly the same as with no field. At the same time the
effects of diffusion are suppressed by the field so that the concentration
p1 extends nearly to the right side of the figure. By the same action, the
concentration of holes emitted from the right surface drops to zero very
quickly.

From the curves of Fig. 2 and relation (2), we see that the area under
the density curve, and hence the lifetime of holes injected at the left is
at most doubled by the magnetic field, while the lifetime of those in-
jected at the right is reduced nearly to zero. Recalling that the noise
is proportional to a summation of the square of the lifetimes, we see
that the noise power is at most doubled at a suitable value of magnetic
field.

Higher values of field will sweep so many holes to the right-hand
surface as to substantially reduce p:, so at very high fields the noise
decreases monotonically to zero.

Thus it is seen that the noise behavior is the result of competing ten-
dencies. On the one hand, the magnetic field helps holes escape from
the surface at which they are emitted, but on the other hand it tends to
push these holes against the opposite surface and thereby reduce their
lifetime. The relative importance of those two tendencies depends on
the surface recombination properties and the strength of the magnetic
field.

Calculation of the lifetime along the lines just discussed involves solu-
tion of the continuity equation

2
DI — 2 0
with suitable boundary conditions. The results of such a calculation
carried out by Shockley and Suhl in the work already referred to are
plotted in Fig. 10.

In order to make the results independent of sample dimensions, the
following parameters are used. The first parameter is proportional to
the applied magnetic field, and is defined as the effective transverse
potential in units of kT /q:
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tEx

| = T = 172tEH X 107° (3)
where ¢ = thickness of the filament (cm)

H = magnetic field (oersteds)

E = applied electric field (volts per cm)

Ey = effective transverse component due to Hall effect (volts

per cm)
q = unit electronic charge
kT = Boltzman’s constant X absolute temperature.

The constant may be derived by noting that kT/q is 1/40 volt at room
temperature, and that the effective transverse field, Ex , may be ex-
pressed as follows. (See Reference 14, Section 8.8.)

Ey = 0E = (6, + 0,)E
= (un + p)HE X 107°
= 43 X 10°HE
where 8 = Hall angle
Hall mobility for electrons (2800 cm®/volt-sec)
up = Hall mobility for holes (1500 cm®/volt-sec).

The other dimensionless parameter is proportional to the rate of surface
recombination, and is defined as the ratio of the surface recombination
velocity to the diffusion velocity from the center:

Y = st/2D = st/86

where s = recombination velocity characteristic of the surface (cm/
sec)

Hn

I

D = diffusion constant (cm®/sec).

The numerical constant is given for holes at room temperature. The
noise changes are expressed in decibles, that is, ten times the common
logarithm of the ratio of noise powers with and without the magnetic
field.

A second case is that in which generation and recombination are on
the surfaces, but the two surfaces have unequal absorption properties.
It might be expected that rather large increases in noise would result
when the magnetic field was poled to pull holes away from the surface
with high absorption properties, and this turns out to be the case when
the calculations are carried out. The results are shown in Fig. 11 for a
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constant.
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1
o

case where the two recombination parameters are 0.1 and 10, and .for
a second case where the parameters are 0.5 and 50. In this figure, sepa-
rate curves have been shown for noise due to holes generated on each
of the two surfaces. The total noise would be gotten by adding the noise
powers represented by the two curves after appropriate weighting for
the contributions of the two surfaces. At present we do not see any way
of determining the weighting factor.

A third case is that in which it is assumed: that the noisy generation
of holes is uniform throughout the body of the filament, but that re-
combination takes place on the surfaces only. These assumptions seem
at first sight to be in contradiction to the statistical mechanical prin-
ciple of detailed balancing, which states that under equilibrium condi-
tions all processes occur with equal frequency in the forward and reverse
directions. Thus it would seem that if holes are generated in the interior,
we must consider recombination in the interior also. Actually this is
not necessary under the non-equilibrium conditions which prevail
during noise measurements. There is no necessity for the noise generated
by a source and a sink for holes to be simply related to the strength of .
this source. Thus we may suppose there are relatively weak sources and
sinks for holes in the interior, but that the hole absorption and genera-
tion of the sources is very noisy compared to the recombination and
generation processes on the surfaces. If this is the state of affairs, most
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of the noise will be generated in the interior, but a hole generated in the
interior will be much more likely to recombine on the surface. The
dotted curve of Fig. 10 has been calculated assuming a uniform dis-
tribution of noise sources throughout the interior of the filament and
equal and very large recombination constants for the two surfaces. It is
seen that for this case the reduction of lifetime predominates, and there
is a-monotonic decrease in noise with increasing magnetic field.

Experimental work has given results which in most cases are in fair
qualitative agreement with the calculated relations. Measurements for
three filaments, each of which had one high recombination and one low
recombination surface, are shown in Fig. 12. The recombination param-
eters, as shown on the curves, were of the order of ¢ = 10 for one sur-
face, and ¢ = 0.5 for the other. The general shape of the curves is quite
similar to the calculated curves of Fig. 11. The maxima are of the right
order of magnitude, and occur at reasonable values of the field param-
eter ®. The lack of detailed agreement between the measured and cal-
culated curves is not surprising, because the experimental conditions
did not fulfill the assumptions made for the ealculations in several re-
spects. The filaments were neither wide enough nor long enough so that
edge and end effects could be overlooked. The recombination properties
of ‘the surfaces could not be measured directly, but had to be estimated
from other filaments which had been similarly treated. One experi-
mental curve shows a secondary maximum on the opposite side of the
origin. This might indicate a defective portion of one surface having an
anomalous recombination constant.

Experimental results are shown in Fig. 13 for four filaments, each of
which had nominally equal recombination constants for the two sur-
faces. These may be compared with the calculated curves of Fig. 10. It
will be noted that the experimental curves are not symmetrical about
& = (. This lack of symmetry is probably due to dissymmetry in the
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Fig. 13—Experimental magnetic effect for similar surfaces.
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samples, particularly the fact that one surface of each filament was
cemented to a support, which would probably change the surface recom-
bination properties somewhat. Aside from the lack of symmetry, the
behavior of the two filaments with the higher recombination constants
is in reasonable agreement with the calculated curves. The filaments
with the lower recombination constants are in poor agreement with
calculated values, in that the noise does not fall off with increasing field
nearly as fast as calculated. The cause of this behavior is not under-
stood. These experimental curves may also be compared with the dotted
curve of Fig. 10, calculated on the assumption of volume generation and
surface recombination. The similarity is quite poor in all cases. The
somewhat better agreement with the surface generation calculations than
with the volume generation calculations is not the basis for anything
more than a very tentative feeling that the experimental results sup-
port the surface generation viewpoint.

While there are many discrepancies in detail between the experi-
mental and calculated relations between noise and magnetic field, these
are atleast partially understandable in terms of the differences between
the experimental setup and the theoretical model. The high degree of
qualitative agreement considerably strengthens the hypothesis of noisy
injection of minority carriers as an important element in the noise
process.

V. NOISE CORRELATION PHENOMENA

The noisy hole injection hypothesis leads one to expect certain corre-
lation phenomena in the noise voltage observed in neighboring portions
of a filament. Consider first noise measurements at a frequency so low
that the transit time of a hole* along the filament is negligibly small.
This might be a frequency of one kilocycle in a typical experiment.
The holes have an average lifetime, from which can be determined an
average life path, which is defined as the product of the lifetime by the
drift velocity under the existing electric field. Noise voltage measure-
ments across segments of the filament much shorter than a life path
should be highly correlated, since nearly all the holes which make a
transit of one segment will make an almost simultaneous transit of the
other segment. On the other hand, noise voltages across segments much
longer than a life path should show little correlation, because most of
the holes appearing in the two segments are from different sources, and
the sources have been assumed to be statistically independent.

* As before, the concepts apply equally well to electrons in p-type material.



ELECTRICAL NOISE IN SEMICONDUCTORS 969

A second situation arises when noise is measured at frequencies high
enough so that the transit time of holes between segments is not neg-
ligible. In this case we should expect the correlation between the noise
voltages to be improved by incorporating in one channel of the meas-
uring circuit a delay equal to the transit time between segments.

In order to calculate the correlation resulting from the first situation,
we set up a theoretical model based on a few simplifying assumptions:
(a) The noise process may be represented by an array of noisy hole cur-
rent generators which are statistically independent; (b) These generators
are uniformly distributed along the filament over the segments where
the noise is to be observed, and for a sufficient distance on either side
to produce uniform conditions over the segments; (¢) The hole currents
from the generators decay exponentially with a decay constant deter-
minable from the lifetime; (d) Measurements are made at low enough
frequencies so that time of transit of holes may be neglected. We will
consider later an alternative to the second assumption. The correlation
coefficient between two voltages of instantaneous values v, and v, may
be defined as

piz = oo/ @3 X o))"

where the bars represent time averages. To evaluate this expression, the
contribution of a single generator to the noise voltage in each segment
is determined by integrating over the appropriate portion of the decay
curve. The total contribution from all generators to the mean voltage
product and the mean squared voltages is then determined by inte-
grating the product or square over all the generators. The details are
carried out in the appendix, and lead to the solid curve of Figs. 14-16,
in which the ordinates are the correlation between noise voltages-in two
segments of a filament and the abscissae are the ratio of life path of a
hole to the segment length.

In an experiment the lifetime = of holes remains fixed, determined
chiefly by the recombination properties of the surface. Consequently
the life path £ is proportional to the hole velocity, which is determined
by the electric field, according to the relation

£ = ulf

where E is the applied field in volts per centimeter and u is the drift
mobility of holes. Hence, by varying the biasing voltage a large range
of life path values can be obtained.

The correlation is measured by carrying the noise voltages through
separate amplifying channels having identical pass bands extending
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from 800 to 1300 cycles per second. A switching arrangement makes it
possible to apply either of the output voltages or their sum or difference
to a rectifier-meter combination. From the readings of the meter the
correlation can be computed according to the relation v

pi2 = (8 — D%/4V1V,. (6)

V1 and V, are rms values of the individual noise voltages, and S and D
are the rms values of their sum and difference. The equivalence to
expression (5) can be seen by noting that

S — D' = (o + 0)2 — (01 — 0a)? = 4dvy0s -

Results of correlation measurements on three bridges are shown in
Figs. 14-16. In each case the calculated curve is shown for reference.
The values of ¢ were calculated from decay measurements on optically
injected holes, as described by J. R. Haynes," using a value for mobility
of 1700 cm®/volt-sec. In Fig. 14 the agreement with the theoretical model
is very good. The scatter in the points is due to fluctuations in the
noise, which are quite large in the band used for these measurements.
In Fig. 15 the agreement could be made quite good with a lateral shift
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the side arms.

by a factor of two. In Fig. 16 the form of the experimental curve seems
different from that calculated. In particular, the slope is steeper, and
the curve tends to level off at a correlation of about 0.8. It seems pos-
sible to explain the discrepancies between the experimental data and
the calculations on the basis of two considerations which were not in-
cluded in the model. (a) The pair of side arms separating the two seg-
ments of the filament serve to drain off some holes which would other-
wise contribute to the correlation. The dashed curve in Fig. 15 shows
the calculated effect, on the assumption that the absorption in the side
arms is equivalent to an extra section of filament equal in length to half
a segment. The actual distance across the side arms is only 20 per cent
of a segment, but it is not hard to believe that the decay rate in this
region might increase by a factor of two or three due to the reduced elec-
tric field and loss of holes down the side arms. (b) The model assumed a
uniform distribution of noise sources along the filament. There is ex-
perimental evidence that the distribution may be quite spotty. This
can have a substantial effect on the form of the correlation curve. For
example, the dashed curve in Fig. 16 shows the curve calculated for
noise sources lumped at the mid-point of each segment. Other assumed
positions might shift the curve considerably along the horizontal axis.
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In view of these considerations there seems to be very satisfactory agree-
ment between the experimental results and the model.

Another type of experiment involves noise measurements at frequen-
cies high enough so that the transit time of a hole across a segment is
an appreciable fraction of a cycle. In this case the correlation between
noise voltages from adjacent segments can be improved by putting a
time delay in one channel of the measuring circuit. Measurements were
made by taking the noise voltages from the two segments through sepa-
rate amplifying channels having identical pass bands extending from 17
to 24 kilocyles. The outputs of the two channels were put on the vertical
and horizontal plates of a cathode ray oscilloscope, forming a sort of
Lissajous pattern. The patterns differ from those obtained with sinus-
oidal voltages in that the elliptical figures are filled in solid, due to the
continual variation in amplitude of the noise. A phase shifting device is
included in one channel, and as the phase is shifted to give optimum
correlation, the elliptical pattern narrows down and approaches a line
inclined at 45°. For a quadrature phase shift, the pattern becomes cir-
cular, and in practice this setting can be determined more precisely
than the in-phase setting, largely because the background noise in the
circuit is less troublesome. With the phase shift for optimum correlation
determined, the delay at the center of the pass band is easily calculated,
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and since the band is not very wide, the variation in delay over the band
is not important. From the drift mobility of holes we may estimate the
transit time between segments, according to the relation

t = L/uE

transit time, seconds

I

where ¢
L = distance between segment mid-points, cm
yo

u

Il

applied field, volts/cm

mobility of holes, em®/volt-sec.

Data for a bridge of n-type germanium of resistivity about 20 ohm-
em are given in Table I. The transit distance, L, after a small correction

TaBLE I
E volt/cm Delay micro sec. |Bridge Temp. °K. Cny/(:,bgllg_?;c' vTxl:‘i?:ii: s:l;ix‘ne
10 21.1 298 1700 18.0
14 15.7 299 1690 12.9
20 11.8 301 1670 9.1
30 9.2 305 1640 6.2
40 9.3 313 1580 4.8

for reduced field across the side arm, was taken as 0.305 cm. As noted
in the table, the bridge temperature rose somewhat at the higher bias
values, and the assumed values of mobility have been modified accord-
ing to the inverse three-halves power of the absolute temperature. The
delay required for optimum correlation is shown in the second column
of the table, and the calculated transit time between segments in the
last column. It is seen that the two are in reasonably good agreement,
especially at low fields. When the direction of the field is reversed, an
equal delay is required, but in the opposite channel of the measuring
circuit, as would be expected. Here, again, we have experimental evi-
dence supporting the noisy hole injection hypothesis. The cause of the
discrepancy shown in the table at higher fields is not understood. It is
possible that trapping phenomena increase the transit time over that
calculated from the mobility. There is some evidence for this sort of
behavior in lifetime experiments, but to date there does not seem to be
enough information for any estimate of magnitude of such an effect.

VI. GENERAL COMMENTS

These studies of electrical noise in semiconductors leave little doubt
that the noise is closely related to the behavior of the minority carriers.
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It is not yet clear whether the noise is a surface or a volume property
of the material, but it is well established that the surface properties
have an important connection with the magnitude of the noise. From
some of the experimental work it seems likely that the generation and
recombination processes are separate and have different noise prop-
ertics. Because of the nonequilibrium situation, this does not violate the
principle of detailed balancing. It seems probable that a more complete
understanding of the generation and recombination processes and a.
clearer picture of the origin of noise in semiconductors may be expected
to develop together.

VII. ACKNOWLEDGEMENT

The analysis leading to the theoretical relations between noise and
magnetic field is the work of W. Shockley and H. Suhl, under whose di-
rection the calculations leading to the curves of Figs. 10-11 were carried
out. The continued interest of Dr. Shockley in the experimental work
has been invaluable. The author is indebted to many associates for help-
ful discussion of certain problems, and also for the construction of many
of the devices and materials which entered into the experimental work.

APPENDIX

Suppose that a source of holes located at a point z, in a filament pro-
duces a fluctuating current of holes of rms value J; in a specified fre-
quency band. The hole current is swept down the filament by a field E
and is assumed to decay exponentially according to the relation

J = Jg TN )

where the life path £ may be expressed in terms of drift velocity v, hole
mobility u, and lifetime =
£ = vr = uBEr.

Assuming that the frequency of measurement is low enough to justify
neglecting the hole transit time, the noise voltage due to holes from a
single source is proportional to the number of holes present in the seg-
ment. This is obtained by integrating (1) over an appropriate range

b
do=Ji [ S
a

K™ e — ¢ o < a (2)
1{1[1 —_ e—(b—zo)lt] a <z < b

where K; is an omnibus constant which will cancel out in the final result.
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Under the assumption that the sources are statistically independent,
the total voltage squared is obtained by integrating the square of (2)
over all the sources.

— J— a

2 2 ir —all -— 2

v = V3 = K1f BV gl @I g
o0

a+L
_I_ I{If [1 _ e—(a+L—xo)/l]2 dzo

£ 4 -
= K2[1 _Z‘l‘ze LN].
Similarly, the cross product of voltages in two segments, extending say
from 0 to L and L to 2L, is

0
y-;); = I(l f 6210/![1 _ 6_LN][6_L” _ 6_2LN] dxo

— 0

L
+ Kl[ Glo/l[l . e-—(L—a:o)/l][e-'L/l _ 6—21:/6] dxo
0

£ _
= K2§— [1 — € LN]Z.

L

From the definition of the correlation coefficient
o B ) 1 — gt
P12 = 1)1112/(7)% 03)1/2 = o7, (5 ¢ )
1— I (1 — e 2%

which is the desired relation, from which the solid curves of Figs. 14-16
were calculated.
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Important Design Factors Influencing

Reliability of Relays

By J. R. FRY
(Manuscript received June 13, 1952)

Relays are produced by a large number of manufacturers in this country.
When we survey their product, we find that there are many kinds and vari-
eties. They differ widely as lo their size, shapes and configurations. Many
of these differences are dictated by the requirements of the task they must
perform and by the environments under which they must work. Other differ-
ences are brought about from considerations of cost and by the design and
fabrication techniques the particular manufacturer employs. However, all
relays have a common objective. For whatever use they are employed, it s
highly desirable that they be reliable. They are expected to function each time
they, are called wpon without failure and over the expected life of the equip-
ments in which they are used. This paper deals with the more tmportant
design factors which all relays have in common that greatly influence their
reliability of performance. Contact spring pile-up stability and the impor-
tance of strength of screws, insulating materials with low cold flow and mois-
ture absorption, and manufacturing procedures and controls to achieve this
end are discussed. Coil construction so as to minimize the occurrence of open
windings due to corrosion of the wire and breakage of the lead-out wires is
dwelt upon. Contact reliability and how it is affected by the material used,
its size and shape, the method of actuation, the presence of contaminating
vapors, and single versus twin contacts are discussed. The degree by which
magnetic materials change their magnetic properties with age and treatments
for alleviating this effect are described. The tmportance of adequate siructural
design so that the relay will be rugged and remain stable so that its perform-
ance is substantially unaffected by wear, shock and vibration s stressed.
Methods of test to determine how well the relay meets these objectives are
described.

Although a relay is conceptually a simple device, the wide range of
conditions under which relays are required to operate, the many different
characteristics they must have, and the complete dependence placed
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upon them in many circuit applications, make them a subject of continu-
ous study.

In the telephone industry, for example, the completion of a single call
may bring into play a thousand or more relays. While their principal
function is to close electrical contacts, there are many facets to the prob-
lem of doing this satisfactorily. Relays are produced by many manufac-
turers in this country. When we survey their product we find that there
are many kinds and varieties. Shapes, sizes and configurations of relays
may differ in accordance with the requirements of the tasks they must
perform, and the environments under which they may work; other differ-
ences may be brought about by cost considerations and by design and
fabrication techniques of the manufacturer.

All relays, however they may be used, have one common objective —
they must be reliable. They are expected to function each time they are
called upon, should do this without failure, and should continue to do so
over the expected life of the equipment in which they are used. It is the
purpose of this paper to discuss the more important factors that are
common to all relays and which have considerable influence on their
reliability of performance. The design considerations discussed in this
paper are presented in the following order.

(1) Contact Pile-up Stability,
(2) Coil Construction,

(3) Contact Reliability,

(4) Magnetic Stability, and
(5) Structural Stability.

CONTACT SPRING PILEUP STABILITY

Stability of the contact spring pile-up contributes in a large degree to
the reliability in performance of the relay. Since contact springs may be
assembled into pile-ups of from two springs to a dozen or more, they
must be secured so that they will not shift position during the life of
the relay, even when it is subjected to relatively large changes in tem-
perature and humidity, and to vibration and shock during shipment,
installation, wiring, and under operating conditions. It is also important
that the dimensional relations between the contact ends of the springs
and the actuating members of the relay do not change appreciably;
otherwise, changes in contact separation, contact follow, contact pres-
sure, and operating and releasing current values may cause faulty opera-
tion of the relay.

Insulators for securing the springs should be made of materials having
low cold flow and moisture absorption characteristics; in telephone relays,
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the better grades of phenol fibre have been found adequate. They should
have generous clamping surfaces, so that when the spring pile-up is
clamped under force, high pressures on the insulators are avoided — thus
minimizing cold flow and keeping well below the crushing strength of
the material.

Pile-up screws, clamping plates, and screw threads should be porpor-
tioned such that permanent deformation under any condition does not
take place, i.e., the maximum stress does not exceed the elastic limit
of the metal. It has been found advantageous to use high tensile strength
steel for these parts — a tensile strength of 100,000 lbs per square inch
or higher.

In the manufacture of relays, the desired pile-up tightness requires
certain procedures and controls. Insulators are baked in an oven at a
temperature of about 150°F for a minimum of 24 hours and assembled
in the relay while in the dry condition. During assembly, prior to tight-
ening the screws, the pile-up is pressure clamped under a hydraulic or
air powered fixture to a controlled force of 1,300 Ibs to 3,200 1bs, depend-
ing upon the size of the relay; while under this pressure, the screws are
tightened using a controlled torque. To assure that the processes and
materials are under control, the relay is then tested on a ‘“no-go’’ basis
in a fixture that applies a definite force on the contact springs in a direc-
tion to rotate them in the pile-up.
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Fig. 1—Compression cycle of a relay contact spring pile-up assembly.
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Pressure clamping during manufacture enables the spring pile-up to
better maintain its adjustment through cycles of humidity and drying,
and to prevent displacement during installation and wiring. The action
of a pile-up under this compression is illustrated in Fig. 1. Curve AB rep-
resents the application of a 1,700-1b force to the pile-up by a power driven
fixture prior to tightening of the pile-up screws. At the start, the relation-
ship is not lincar due to “nesting” of the parts, but a linear slope is soon
reached, representing the stiffness of the pile-up without the screws. At
the point B the two screws are tightened with a controlled torque; fur-
ther compression takes place, indicated by the jagged line BC. An esti-
mate of the tension put into the screws by this tightening operation can
be made by extrapolating the curve AB to the point B', vertically above
the point C. When the pressure fixture is released, the pile-up tends to
expand and follows the line CD. The slope of this line represents the
combined stiffness of pile-up parts and screws, which makesit stiffer than
the original compression slope. When the pile-up is released, an equilib-
rium point is reached where the tension in the screws equals the force
with which the pile-up tends to expand.

A series of measurements on a typical relay pile-up screw and clamp
plate assembly is shown in Fig. 2 to illustrate the stress-strain relation-
ship when a force is applied axially to put the screws under tension. As
force is applied, Hooke’s law is followed up to the point A; strain is pro-
portional to the stress and no permanent deformation takes place. Be-
yond point A the elastic limit of the metal is exceeded and permanent
deformation begins. When a point B is reached, somewhere below the
breaking point of the screw, and the force is released, a permanent de-
formation results. Note that, in Fig. 2, the high strength screw will
permit a higher screw tension without deformation — and its resultant
looseness of the pile-up — than will the lower strength screw.

Analytical methods are available for estimating the range of screw
tensions that exist during the life of the relay. By taking into account
the known cold flow characteristics of the insulators with the relay in
the dry state, a minimum value can be estimated. It should be of suffi-
cient value to hold the springs securely in place. By considering the con-
ditions that obtain in the humid state, maximum value of tension can
be predicted, which should not exceed the strength characteristics of the
materials used.

To determine how well the design objectives for stability are being
realized, accelerated laboratory tests are made upon the relay, and from
these results predictions can be made as to its performance during its
life. In the telephone system, relays are generally subjected to repeated
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cycles of alternate humid and dry environments over the years. Humid
conditions exist during the summer season, followed by a dry exposure
during the winter months when the central offices are heated. Experience
has shown that a relay exposed for six days to 90 per cent relative hu-
midity at 85°F will be comparable to those observed in service in humid
localities. Although the six day exposure is admittedly an accelerated
test, the dimensional changes produced are approximately the same as
those caused by the accumulating effect of fluctuating humidity during
the entire season. Similarly, a period of six days exposure to 120°F pro-
duces the same effect of drying as that which occurs during the heating
season.

By making careful measurements on an adjusted relay of such impor-
tant parameters as operate current, releasing current, contact separation,
contact spring tension, armature back tension, stud gaps, ete., and then
subjecting the relay to repeated cycles of humid and dry conditions,
repeating the measurements after each exposure and noting the changes,
a good appraisal of the relay can be made. A repetition of the test will
reproduce the same pattern of results as the first cycle unless permanent
deformation of the materials in the relay has taken place.
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COIL CONSTRUCTION

If, for any reason, the winding of a relay should become open during
its life, usefulness of the relay ceases. One of the most prevalent causes
for failure of this kind can be due to so-called corrosion of the wire. This
is not corrosion in the ordinary sense of the word, but is caused by an
electrolytic action within the coil when an electrical potential is applied
to the winding. This action can take place only in the presence of mois-
ture. If there are any active impurities in the insulating materials in-
timately associated with the copper wire, an electrolyte is formed and
disintegration of the wire proceeds to the point where failure may occur.
This trouble is aceentuated with coils using small diameter wires, be-
cause with the smaller cross-section of copper, failure of the section will
occur in a shorter period of time.

There are two methods of approach to minimize corrosion failure. One
is to thoroughly dry the coils, and in this condition seal them in a potting
compound, which prevents the entrance of any moisture into the coil,
or enclose the coil in a hermetically sealed chamber. For relays this is
an expensive and cumbersome way to overcome corrosion troubles. The
second and more practical method is to use, in the construction of the
coil, insulating materials that are chemically inert and free from corro-
sion promoting impurities.

For many years, studies were made with a view towards eliminating
the occasional corrosion failures of fine wire windings which occurred
under unfavorable atmospheric and circuit conditions. Although im-
provements were effected by the use of the better grades of phenol fibre
for spoolheads and waxed varnished papers for core and winding insula-
tion, an entirely satisfactory coil was not achieved until the use of cellu-
lose acetate insulation was adopted. This material, in thin sheet form,
can be applied to spool-wound coils, where the coils are wound individ-
ually, and the so-called “filled” coils, where a multiple number are wound
simultaneously on automatic winding machines. The coils are wound on
a mandrel, as many as twelve individual coils per mandrel, with a
thin sheet of insulation between the layers of wire. The “stick” of
coils is wound so as to leave a small separation between coils to provide
insulation at the ends of the coils and to permit cutting the stick into
individual coils, after which they are assembled to relay cores using
conveyor assembly methods. This results in not only a more economical
coil, but in a higher quality coil as well. The thin sheet of insulation
between the layers of wire, generally not provided on the spool wound
type of construction, eliminates the occurrence of short-circuited turns.
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The degree of improvement obtained by the use of cellulose acetate
over the materials formerly used is shown in Fig. 3." This is the result
of an accelerated corrosion test adopted as a means of obtaining data
on proposed constructions, using as a basis for comparison, the perform-
ance, in this test, of the earlier spool wound construction. The latter had
given satisfactory service in the field, only occasional failures occurring
under the most severe circuit and atmospheric conditions. This test is
made with double or triple wound coils since these represent the most
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serious conditions. A group of coils are subjected to 90 per cent relative
humidity at 85°F with negative potential applied to the inner winding
and positive potential to the outer winding. No current flows in the wind-
ings. Depending upon the type of apparatus in which the coil is used,
other parts of the structure may be made positive or negative to simulate
actual service conditions. When electrolytic action takes place, copper
is always eaten away from the positive electrode. Consequently in prac-
tice where there is a choice, it is better to keep the winding negative with
respeet to its surroundings. During a 35 to 40 day period, continuity
checks are made periodically using a Wheatstone Bridge having a battery
stipply of 1% volts in a series with 10,000 ohms. This method of test does
not provide high enough voltage nor permit flow of sufficient .current
to establish continuity through a minute length where the wire may be
corroded through, nor does it cause a reduced section of wire to burn out.
In other words, this method of test does not restore continuity in a cor-
roded through section nor does it destroy metallic continuity. Thus more
consistent results are obtained than if higher voltages or currents were
to be used. The marked superiority of the cellulose acetate insulated
coil is apparent, and experience with its use in service has shown that
corrosion failures have been eliminated.

From time to time the question arises as to how the cellulose acetate
insulated coil compares with coils vacuum impregnated with a varnish
and employing other types of insulation for use in equipment for the
Armed Services where atmospheric conditions are more severe than those
ordinarily encountered in the telephone plant. Frequently specifications
for these applications require impregnation of the windings. Tests have
shown that impregnation will extend the life of a coil employing inferior
materials, but that corrosion will take place in a shorter period than
where cellulose acetate is used throughout without impregnation.

Results of such tests are shown in Fig. 4 where the various groups of
coils were kept in a humidity chamber at 95 per cent relative humidity.
The temperature within the chamber was raised and lowered between
limits of 85° and 150°F in eycles so as to produce severe condensation
on the coils. Each cycle, plotted as abscissae represents 24 hours of expo-
sure. The top two curves IITA~and IIIB show the failure rates of two
groups of coils constructed exactly alike except that one group was im-
pregnated while the other was not. They were cellulose acetate filled coils,
but used lead-out wires insulated with commercial grades of braided
cotton. The two curves ITA and IIB represent the results on two groups
of spool wound coils having cellulose acetate core and interwinding insu-
lation, but provided with vincellatate muslin covers and red-rope paper
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fig. 4—Corrosion comparison of impregnated and non-impregnated relay
coils.

winding washers. Likewise, one group was impregnated while the other
was not. Fifth and sixth groups of coils having cellulose acetate insulation
throughout with and without impregnation were exposed and there were
no failures at the end of the test. This shows that the corrosive effects
of impure materials can be retarded, but not overcome by resorting to
impregnation. In general, impregnation of relay coils is not desirable
because of the risk of contaminating the vital working surfaces of the
relay.

In the normal operation of a relay when the circuit through its winding
is opened, a transient voltage, which may reach hundreds of volts is
generated across the winding terminals by the collapsing flux. If the
insulation between the lead-out wires or between the lead-out wires and
the end turns of the winding is not adequate, electrical breakdown causes
arcing and repeated operation of the relay may cause ultimate disintegra-
tion of the wire and consequent failure of the relay. It is important, there-
fore, to design the coil so that lead-out wires under all conditions are
properly spaced, and to provide adequate insulation between those por-
tions of the winding where high voltages can exist. A test has been de-
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vised for use during manufacture which will detect an incipient failure
of this kind. By pulsing the relay in its normal fashion the self-generated
coil voltage on breaking the circuit can be observed on a cathode ray
tube; any deviation in this voltage caused by momentary breakdown or
shorted turns can be detected readily.

Another source of coil failure is lead breakage, caused principally by
fatigue of the small copper wires. Copper has a low fatigue strength and
if it is subjected to repeated bending strains, eventually it will break.
As the relay operates and releases, impact of the armature against the
core and backstop causes shock and vibration of the coil; coil construc-
tion therefore needs to be such that strains are not imposed upon the
fine wire by this motion.

On spool wound coils, being individually wound, the fine winding
wires can be reinforced by stranded lead-out wires for connecting to the
relay terminals. Besides, the coil is generally wound tightly on the relay
core. These factors, to a large extent, preclude lead breakage. With the
cellulose acetate filled coil it is desirable to bring the winding wire di-
rectly to terminals on the terminal spoolhead to which the end of the
coil is later bonded. Since the filled coil must slide loosely over the core
for assembly reasons, it can have a small lateral motion at the non-ter-
minal end. To eliminate this movement a “motion limiting” washer has
been provided to fit snugly over the core and which is bonded to this
end of the coil.” The washer and the way it is used is illustrated in Fig.
5. In assembly, the thin cellulose acetate faced phenol fibre washer and
the non-terminal spoolhead are forced over the knurl on the core and the
washer is bonded to the end of the coil. The tight fit of the washer on
the knurl is the feature that prevents lateral movement of the coil. There
is always some slight shrinkage of the cellulose acetate filled coil in the

MOTION = LIMITING-
WASHER

Fig. 5—Relay coil employing a motion limiting washer to prevent lead breakage.
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longitudinal direction, but the washer can move with the coil, although
eliminating lateral movement. Use of this washer has practically elimi-
nated fatigue lead breakage.

CONTACT RELIABILITY

Since the opening and closing of contacts are the prime objectives of
a relay, it is extremely important that the contacts themselves are made
reliable. To realize these objectives, several factors should be taken into
consideration. First is the contact material. While much could be said
regarding the behavior of contact metals, space does not permit more
than a brief treatment. The contact should maintain reasonably low re-
sistance and under the environment in which it is used, be able to with-
stand the erosion. Electrical resistivity of most metals is low enough to
be satisfactory from the resistance standpoint, but unfortunately, most
of them develop tarnish or corrosion films when exposed to the atmos-
phere, thus increasing the contact resistance and rendering them unsuit-
able for a contact. These metals are sometimes referred to as ‘“‘base”
metals, and include aluminum, brass, bronze, copper, chromium, nickel
and stainless steel. There is a much smaller group of metals known as
“noble” or precious metals, such as platinum, palladium, gold and irid-
jum. These are relatively free from the tendency to tarnish and will
maintain low contact resistance. Alloys of these metals and certain alloys
in which silver is included are widely used in the telephone plant. Pure
silver is also used and is attractive because of its low cost; however, it
has a tendency to form high resistance tarnish films and therefore has
limitations in its use. It is employed in signaling circuits where the con-
tact makes or breaks current. Its contact resistance remains low because
the films that form on the silver are broken down or destroyed by the
arc. It is not employed in circuits carrying voice currents on account of
its tendency to introduce noise.

Enough metal must be provided to give satisfactory life. Each time a
contact makes and breaks an electrical circuit, a small part of the metal
may be lost, so that life may be considered roughly proportional to the
volume of metal available for erosion. The pair of contacts must have
sufficient height to provide enough contact spring clearance to allow for
spring adjustment and to insure that the springs will not touch during
the normal operation of the relay. At least one contact of a pair must
be large enough, that is, present a sufficiently large target area, to insure
full registration of the contacts with normal manufacturing variations
of the position of the contacts on the springs and with the variations in
alignment of the springs during assembly.?
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In the early days of relay design, contacts were attached to the springs
by riveting. In fact, many of the relays manufactured abroad today are
made in this manner. In this country, during the past 30 years or more,
spot welding has largely replaced the riveted construction. This was done
for economy reasons. Spot welded contacts, unless carefully controlled
during manufacture, may not be so reliably attached as the riveted con-
tacts and the likelihood of the contacts dropping off during the life of
the relay may be greater. It has been found in welding the millions of
contacts required in the telephone system that close control is required
in several factors affecting the quality of welds obtained with any given
material. Important factors are cleanliness of the welding surfaces, pres-
sure between electrodes, welding current and the time during which the
current is applied. In order to insure that these factors are at all times
under control, and since the consequences are rather grave when poor
quality welds are produced, it has been found desirable to institute fre-
quent inspectons of the quality of welds at each welding machine on a
_ sampling basis. Periodically a small number of contacts are subjected

to a destructive test in which the force required to shear off the contact
is measured. In this manner, any deterioration in the quality of welds
can be detected early, and corrective measures can be applied.

One type of failure sometimes experienced with relays is contact lock-
ing.* When a contact is closed by the operation of the relay it may become
mechanically locked to the contact member with which it is engaged and
fail to open when the relay is released. As a result of arcing as the contact
closes and opens an electrical circuit there is a transfer of metal from one

- contact to the other. This building up and wearing away leaves both
contacts roughened. If the opening and closing motion were along a per-
pendicular to the face of the contacts, this roughening would ordinarily
have little effect. But with a slight sliding or rocking motion at the con-
tacts after they come into engagement, small projections on one contact
may lock mechanically in a cavity on the other and thus prevent the
contacts from opening when they should. When contacts have locked,
measurements have shown that forces in excess of 100 grams may be
required to separate them.

This kind of failure can be avoided by employing an improved method
of spring actuation.® This is illustrated in Fig. 6. At the top of the figure
is a stud actuated contact spring assembly. The spring carrying the
moving contact is tensioned away from the fixed contact member and
exerts a force to hold the armature against the backstop when the relay
is unoperated. A stud, moved by the armature, presses against the mov-
ing contact spring a short distance back of the contact to close the contact
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when the relay is operated. As will be noticed, the further deflection of
the contact spring necessary to obtain the required contact force after
closure, causes the moving contact to slide and rock slightly on the fixed
contact. For the reasons previously mentioned such a contact is prone
to lock when the conditions are favorable.

Now, the bottom of the figure shows a card actuated contact spring
arrangement. Here a phenol fibre card is employed to operate the contact
instead of a stud. The moving contact spring itself is pretensioned against
the fixed contact to give the desired contact force. The card is held by
two card springs that are tensioned away from the fixed contact in a
slightly greater amount than the moving contact spring is tensioned
toward it. As a result, when the relay is unoperated, the card holds the
make contact away from the fixed contact. When the relay operates, the
armature pressing against the top of the card pushes it toward the fixed
contact and allows the contact to close. It is quite apparent that with
this actuation the moving contact engages the fixed contact without
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Fig. 6—Two methods of contact spring actuation and their influence on contact
locking.



DESIGN FACTORS INFLUENCING RELIABILITY OF RELAYS 989

sliding or rocking on it and the tendency to lock is thus largely avoided.
The likelihood of locking is further decreased because the restoring force
is greater and is applied closer to the contact, and because of the impact
of the card on the spring when the relay releases. With the contact closed
there is clearance between the contact spring and the bottom of the slot
in the card, and thus when the card hits the spring in opening, it is al-
ready moving and has acquired kinetic energy. This energy is available
on impact to overcome any locks which may have occurred.

Recent studies have shown that erosion of electrical contacts on clo-
sure is due almost entirely to an arc occurring, in most cases, before the
contacts touch.® When there is no arc there is no erosion. It has also
been observed that the occurrence of an arc between the approaching
contacts is influenced by operation in the presence of various organic
vapors; for example, benzene derivatives.” The effect of such operation
is to permit arcing on lower currents than is the case with clean contacts
and results in increased erosion rates. This is true for noble metal con-
tacts, and when so exposed they are said to have become “activated”.
A metal surface which has been activated by organic vapor remains
active indefinitely if there is no arcing at the surfaces. With continued
operation and accompanying arcing, the activating material is burned
away, and the surface returns to the inactive condition, provided no
contaminating vapor is present.

Some materials used in relays may give off organic vapors which can
aggravate the arcing at the contacts. A series of experiments has been
made by placing various materials under test in a small glass enclosure
and proceeding to find if, and at what elevated temperature, vapor from
the materials will give rise to arcing on “make”, with contacts that are
operating within the enclosure. The materials tested varied widely in
their effects upon arcing at the relay contacts. In the solid organic group,
they ranged from polystyrene, which produced arcing at room tempera-
ture, to teflon, which did not cause arcing until heated above 200°C.

The precise correlation between the results of these tests and the
changes in erosion rates, which occur when these materials are used in
the relay construction, has not yet been established. However, they may
be used as an aid in the choice of such materials. Cases have come to our
attention both in the laboratory and the field where the erosion rates of
relay contacts operating in confined chambers were many fold those
which occurred when the relays were operated in the open. This was at
least partially ascribed to the presence of contaminating materials known
to be present.

Another type of failure that is quite generally experienced in relay
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operation is “open” contacts due to small insulating particles present
in the atmosphere becoming trapped between the contacts. This causes
high resistance or open circuit and consequent circuit failure. Many at-
tempts have been and are being made to reduce “open” contact troubles.
Examples are filtering the air supply to the central office, enclosing the
relay equipments in closed cabinets, pressurizing the enclosing cabinets,
covering smaller groups of contacts by independent covers, employing
twin contacts rather than single contacts, and enclosing the relay or its
contacts in a hermetically sealed chamber. Even going to the extreme
of completely isolating the relay from its surroundings is not a complete
answer. There is always the possibility of failure by wear particles gen-
erated within the enclosure by the relay actuation.

The most widely employed method to reduce dust failures in the tele-
phone plant is the use of twin contacts in combination with some of the
above mentioned types of enclosures. If the incidence of dust failures fol-
lowed the laws of probability, then elementary considerations would lead
us to predict that if single contacts failed at the rate of once in 1,000 oper-
ations, the simultaneous failure of the two such contacts comprising the
twin would be once in 1,000,000 operations. This is the so-called “square”
law..However there are a number of reasons why this is not realized
in practice and why the figure of merit for the twin contact is very much
less than that indicated by the “square” law. In the first place, when
foreign matter becomes lodged on a contact, it seldom falls out on the
first subsequent operation, but will require a number of operations before
it cleans itself; in fact, it may remain inoperative indefinitely. When this
happens to one of the twin contacts, during this period of time, the twin
contact is no better than the single contact. In practice, twin contacts
are generally used with the same total force as the single contact, being
nominally divided equally between the two contacts. This reduction in
force per contact on the twin contacts is of considerable importance in
reducing its effectiveness. Relay designs employing twin contacts that
have been used in the past do not have complete mechanical inde-
pendence of the two members to which the contacts are attached.
Foreign material or protrusions under one contact can adversely influence
the performance of its mate. In a new design of relay which is about to go
into production, the design criterion that twin contacts to be most
effective should be completely and mutually independent has been met.
Laboratory tests and field experience obtained to date show a marked
improvement over the former designs in regard to the incidence of open
contact failures:

Tests have been made repeatedly in the laboratory for comparing the
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performance of twin contacts with single contacts, and arriving at a
figure of merit. Data have also been collected from relays in service in
the telephone plant on the basis of numbers of found open troubles on
both types of contacts. As might be expected the results varied widely,
with the twin contact being superior by a factor of anywhere from 3 to
100 with perhaps 10 as a reasonable figure.

MAGNETIC STABILITY

Magnetic materials in relays have been found to change in their
magnetic characteristics with time and temperatures to which they are
subjected in their normal usage. This effect is known as aging. The direc-
tion of the change is such as to decrease the permeability and increase
the coercive force of the material. The degree of change in certain ap-
plications, such as relays in marginal and time delay circuits, may be so
large as to be of serious concern.

A high grade of magnetic iron which has been extensively used in the
telephone system has been found to age considerably under conditions
simulating operation in the plant. Aging of iron is attributed to the pre-
cipitation of impurities such as carbon, nitrogen, and oxygen. The solu-
bility of these elements decreases with decreasing temperature. When
iron is cooled from a high temperature, impurities, such as carbides and
nitrides, do not have sufficient time to precipitate completely, so a super-
saturated solid solution is produced. Consequently the impurities tend
to continue to precipitate slowly at low temperatures where the diffusion
rate is extremely slow, and internal strains are produced which affect
the magnetic properties.®

It has been found that if these parts are annealed in atmospheres of
dry hydrogen instead of the ordinary “pot” anneal, this aging effect is
greatly reduced. Not only is the aging effect reduced to where it is of
no great engineering importance, but the magnetic properties of the
material are improved. The maximum permeability is increased and the
coercive force is decreased both by a factor of about two. The use of
relays in critical applications is thus greatly enhanced.

The degree. by which magnetic materials change by aging may be
determined readily by laboratory tests. Long time aging effects can be
simulated by baking ring samples of the material or the relays at 100°C
for several hundred hours and measuring the magnetic properties of the
ring specimens or the operating characteristics of the relays before and
after aging. For “pot”’ annealed magnetic iron the effect of such aging
is to decrease the maximum permeability by about 50 per cent and to
approximately double the coercive force. When the iron is hydrogen
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annealed, the corresponding changes caused by aging will be about a
15 per cent decrease in maximum permeability and 15 to 20 per cent
increase in coercive force.

The improvement in aging effect on relay performance obtained by
the hydrogen treatment is illustrated in Fig. 7. This was obtained on a
design of relay having a closely coupled magnetic circuit for use in time
delay circuits. The ordinates show the change in residual grams; hours
of aging are plotted as abscissae. Residual grams represent the force with
which the armature is held attracted to the core by the residual flux
remaining in the magnetic circuit after the electrical circuit through its
winding is opened. This force is a measure of the coercive force of the
magnetic material. As was noted, the effect of aging is to increase the
coercive force and hence the residual grams. For this relay, a change in
residual grams will cause a change in the delay time of the relay under
a given adjustment and is therefore important.

How hydrogen annealing improves the pull characteristics of a relay
is shown in Fig. 8. This was taken on a relay designed for sensitive and
marginal circuit applications. The curves show the grams pull, plotted
as ordinates, produced on the relay armature at a given air gap by various
values of ampere turns on the relay plotted as abscissae. The ability
of the hydrogen treated relay to operate given loads on considerably
smaller currents is obvious. This improvement is due to the higher
permeabilities obtained by the hydrogen anneal. -

There are other magnetic materials available for use in relays and in
which the aging effect is practically non-existent or is considerably
smaller than that just described. Several kinds of nickel-iron alloys
known as permalloy are widely used in the telephone system where their
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excellent magnetic properties are needed in difficult applications. They
are substantially non-aging. Low silicon-iron alloys are being more widely
employed. They have good magnetic properties and the aging effect is
small. Where the intrinsically inferior magnetic properties of low carbon
steel alloys, such as SAE 1010, can be tolerated they are used. While
initially they have poorer magnetic characteristics than magnetic iron,
their aging effect is considerably smaller.
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Fig. 8—Improvement in relay performance by hydrogen anneal.

STRUCTURAL STABILITY

Response of a relay depends upon the value of the magnetic force
of attraction produced between the armature and core when the coil
is energized, and upon the magnitude of the mechanical forces acting
upon the armature. To keep the response constant during the life of
the relay, it is essential that the relationships between these two forces
be not changed. The force of attraction varies approximately inversely
with the square of the length of the air-gap between the armature and
core. Since this distance is usually small, any small change will have a
relatively large effect on the pull. The core and armature, together with
their associated members, should be of stable design and secured in
such fashion that their dimensional relationships remain unchanged
when the relay is subjected to shock, vibrations, and stresses incident
to attaching the relay to its mounting. The design of the structure and
the thermal coefficients of expansion of the materials used should be
such that deformation does not take place when the temperature is
varied throughout the operating range.



904 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

Moving parts, such as the armature and its suspension, together
with the associated actuating members and springs, should move freely
under all conditions without binding or friction. Since friction is in-
herently a variable quantity and difficult to control, it should be kept as
small as possible, otherwise it will be a cause for instability. If the
friction component is an appreciable part of the total load, the relay
will be unsatisfactory, particularly for marginal operation. The friction
part of the load on the moving system of a relay can be determined
readily by an improved measuring technique which automatically plots
the force required to move the armature, and its displacement, as it
moves from its unoperated to its operated position. This is illustrated
in Fig. 9. The top curve is the force required to move the armature and
operate its associated contact springs as it moves from its back-stop
to its fully operated position. The lower curve is the force acting on the
armature that allows it to restore to its unoperated position. The vertical
displacement between the two curves represents double the friction.
Since friction always opposes motion, it adds to the force required to
operate the relay and detracts from the force releasing the relay. If the
ideal of no friction were obtained the two curves would coincide. When
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the displacement and hence the friction is large, aside from the fact
that it is indicative of a rapid rate of wear, the relay would be unstable.

While the wear of the relay parts can be minimized by good design,
it cannot be eliminated entirely, especially for relays required to operate
a very large number of times during their life. For telephone relays the
design objective is for a 40-year life. The effects of wear on performance
to a great extent can ofttimes be counteracted by ingenious design.
Fig. 10 is an illustration of such a case.® The diagram on the left shows
a moving system of a relay in which the contact springs are stud ac-
tuated. The moving springs are tensioned toward the armature and exert
a force tending to open the contacts. When the armature operates, the
stud presses the moving springs into engagement with the stationary
springs. There is no contact force when engagement is first made and
further flexing of the spring is necessary to build up the contact force
to the desired value when the armature reaches its fully operated posi-
tion. As the contacts and studs wear, it is apparent that the contact
force and consequently the load on the armature decreases rapidly. The
stud wear becomes cumulative in its effect on the outside pair of springs
as more springs are added to the pile-up.

The diagram to the right shows a moving system of a relay using
what is called “lift-off” card actuation. The moving springs are ten-

STUD ACTUATION CARD LIFT-OFF ACTUATION
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Fig. 10—Two moving systems of relays in relation to the effects of wear on
their performance.
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sioned, before assembly, toward the stationary spring by an amount
necessary to give the desired contact force. Two supplementary springs
are provided to support the card and tensioned to restore the armature
and contact springs to their unoperated position. Upon operation, the
motion of the card permits the contacts to close, and when engagement
of the contacts oceurs, the contact force reaches its predetermined value
very rapidly. Further motion of the card, provided for by the width
of the slot in the card, allows for wear of the contact and card without
appreciably affecting the contact force or the load on the armature.

The effect of this wear on the contact force is shown in TFig. 11 for
both types of actuation. For the stud actuated relay, as the contact and
stud wear continues, the contact force decreases very rapidly. After
0.010 inch wear only about 6 grams remains out of an original 26 grams.
This is accounted for by the fact that the combined stiffness of the
moving spring in engagement with the stationary spring is 2 grams per
0.001 inch deflection. This requires 0.013 inch contact follow to establish
a contact force of 26 grams when the relay is adjusted initially. For the
card “lift-off” actuated relay where the moving spring had been pre-
tensioned to give a contact force of 25 grams initially, after 0.010 inch
wear of the contacts, the contact force will have decreased about 1 gram.
This is because the stiffness of the moving spring is about 0.1 gram per
0.001 inch deflection. Card wear does not affect the contact force so long
as it is provided for by the width of the slot in the card.
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Fig. 12—Magnetic circuit of a relay having embossed pole faces.

Another instance where the effects of mechanical variations upon
its performance have been largely nullified by design, is in the design of
slow release copper sleeve relays. To make most effective use of the
copper sleeve, which causes the delayed action, it is desirable to provide
as low a reluctance as possible of the magnetic circuit when the relay
is in the operated position. Instead of providing small non-magnetic
separators in the air-gap between armature and the core as is usually
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Fig. 13—Comparison of flat and embossed pole surfaces and their magnetic
closed circuit reluctance with misalignment.
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done with the ordinary quick-to-release relays, for slow release relays
the armature is allowed to contact the core, finish to finish. When plane
flat pole face surfaces are provided, it is expensive and difficult to insure
in commercial practice that precise and uniform alignment of the pole
face surfaces will obtain. Variations in the alignment of these two sur-
faces will cause variations in the closed magnetic circuit reluctance and
consequently on the release time of the relay.

In Fig. 12 is shown a design where the necessity for holding the align-
ment of core and armature so precisely is not so great.® A spherical surface
of rather large radius is embossed on the front end of the armature, so
that with commerecial variations in alignment, the armature always pre-
sents a point on the surface of a sphere for contacting the flat surface of
the core. Similarly, the legs of the armature where they pivot on the
front ends of the hinge bracket are likewise embossed. The results of
the effects of these structural differences on the closed circuit re-
luctance are shown in Fig. 13 for a design with flat surfaces and one
with embossed surfaces. While it is true that with perfect alignment the
relay with flat surfaces will give longer release times, it is apparent that
as variations in alignment occur from time to time and from relay to
relay, it will have larger variations in performance than the relay with
the embossed surfaces. This is a feature which has proven of great value
in the manufacture of slow release relays of reasonable time precision.
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Impedance Bridges for the
Megacycle Range

By H. T. WILHELM
(Manuseript received August 19, 1952)

This paper reviews ac bridges developed for use in the Bell System for the
measurement of impedance parameters, particularly at frequencies in the
megacycle range. Three recent bridges designed for measuring networks
and components for coaxial systems are described.

INTRODUCTION

The need during recent years for increased accuracy of impedance
measurement in the megacycle range has led to advances in the art of
bridge measurement. A particular stimulus has been the development
of a new coaxial system, designated L-3, for transmitting over distances
up to several thousand miles a continuous frequency band extending
roughly from 0.3 to 8 megacycles per second. Such a system will be
capable of providing on a single coaxial unit the combination of a single
television channel and as many as 600 one-way telephone channels.
The large loss inherent in transmitting this wide frequency band over
the cable makes it necessary to provide an amplifier about every four
miles, and these amplifiers and associated networks have created diffi-
cult measurement problems.

MEASUREMENT PROBLEMS

The measurement problems arise partly from the wide frequency
band, approximately thirty times the minimum frequency. This makes
equalization of the system for satisfactory transmission very difficult,
particularly in transmitting a television signal which covers a frequency
band equivalent to about a thousand telephone channels and which
must be equalized for phase as well as loss.

Even more important, however, are the problems arising from the
close spacing of the amplifiers, with the result that a transcontinental
circuit requires up to a thousand amplifiers in its path. Departures in
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individual transmission characteristics will produce cumulative errors,
making it necessary to maintain close control over the manufacture
and adjustment of all of these amplifiers and associated networks. This
calls for networks of highly refined design and requires ancillary meas-
urement facilities of greater precision than heretofore available at these
higher frequencies.

The design of transmission networks to meet exacting requirements
is a subtle art, embracing on the one hand the use of complex mathe-
matical manipulation to produce theoretical networks having the de-
sired loss and phase characteristics, and requiring, on the other hand, a
down-to-earth knowledge of the properties of the actual components
used including parasitic effects and interaction of the various elements
when assembled into a network. To furnish this knowledge, to measure
the component resistors, capacitors, inductors and transformers which
are the building blocks of the networks, to evaluate the ever-present
parasitic effects, to determine simplified circuit equivalents of the more
complex components such as transformers, and to answer other ques-
tions too numerous to mention, measurements of impedance parameters
— precise measurements — are required.

EXISTING BRIDGE TECHNIQUE

For measuring impedance and admittance parameters, that is B, L,
¢ and G, suitable ac bridges, ordinarily simply designated as impedance
bridges, have long held a high place in the Bell System because of their
inherent reliability and precision, and their ability to cover a wide
range of values. The development of many of the original bridges™ * * ‘
for frequencies above the audio range stemmed from the needs of the
earlier carrier systems. With this development came also analysis of
shielding technique,’ standardization of capacitance,® ” and a syste-
matic classification of bridge methods® by J. G. Ferguson in 1933, in
which bridges were grouped into two major types designated as ratio-
arm and product-arm, respectively. Following this classification, com-
bined impedance and admittance bridges were developed,” ' utiliz-
ing a single set of bridge standards for both kinds of parameters by
changing the configuration of the bridge network. There have also
been special purpose bridges™ ' * ™ for use at audio and the lower
carrier frequencies. More recently, coaxial impedance standards® having
values calculable from physical dimensions have been developed.

Bridges for frequencies above one-half megacycle were used in the
Bell System as early as 1919,"° but relatively few bridges were built
until the mid 1930’s when new carrier systems required bridges in the
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megacycle range. A ratio-arm bridge'® using external standards was
developed for precise measurements up to three megacycles. Intercon-
nection of bridge and standards using coaxial cords provided flexibility
of configuration resulting in an admittance bridge for high impedances
and a series-reactance bridge for medium impedances. These two bridge
circuits are shown schematically in (a) and (b) of Fig. 1. A separate,
self-contained Maxwell product-arm inductance bridge, shown sche-
matically in Fig. 1c¢ and illustrated in Fig. 2, was designed primarily
for measuring low-impedance parameters up to one megacycle/sec.
Inductance was measured using calibrated air capacitors, and resistance
was measured by means of conductance decades employing wire-wound
resistors. The bridge included a double-shielded coupling transformer
and complete shielding not shown in the simplified schematic.

To show clearly the scope and inter-relation of these three
bridge methods, it is helpful to plot their ranges on a Slonczewski
reactance/frequency chart” shown in Fig. 3. In this chart, the top
frequency shown for the ratio-arm bridge is three megacycles, and for
the Maxwell bridge is one megacycle, as these are considered boundaries

. _ 1
Yx = Gx+ jwCx Zx_Rx+j—0:'_C:
Gx=1/Rp Rx = Rs
Cx = Cp Cx = Cs
R; =R2 Ry =Rz
(a) ADMITTANCE BRIDGE (b) SERIES REACTANCE BRIDGE

= Ryt+jwly
= KGp
= KCp
RiR>

() MAXWELL INDUCTANCE BRIDGE

Fig. 1—Simplified schematics showing the basic circuits of three existing
bridges for use at frequencies up to about three megacycles.
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for their best performance, even though both bridges are useable at
higher frequencies. It will be observed that while there is some over-
lapping of the three ranges, all three methods are necessary to obtain
the impedance coverage shown. It should be emphasized that all the
ranges shown cover both capacitive and inductive reactances. In the
case of the admittance and series-reactance bridges, inductive imped-
ances are measured by using a resonating capacitor, in parallel or
series, respectively, with the apparatus being measured. In the Maxwell
inductance bridge, capacitive impedances are measured by using a
fixed resonating inductor in series with the impedance under test. A
complete accuracy statement for these bridges is necessarily complex,
but in general accuracies of #40.25 per cent for the major component

Fig. 2—One-megacycle Maxwell inductance bridge, shown schematically in
Fig. 1c, designed for relay-rack mounting.
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was obtained over most of the range plotted on the reactance chart.
These bridges have been very successful for the purpose for which they
were designed, but they are not useable up to the eight megacycles
or higher required by the L3 system.

REQUIREMENTS OF BRIDGES FOR L3 SYSTEM

When the L3 system was contemplated, it was evident that new bridges
would be needed. It was required to be able to measure virtually any
impedance value at frequencies up to and beyond the second harmonic
of the 8.4 megacycle upper limit of the system. Accordingly, a top
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frequency of twenty megacycles was decided upon as a design objective
with a basic accuracy of 40.5 per cent for the major component. The
immediate need was for a general-purpose bridge, but it was expected
that special-purpose bridges having better accuracy would be required
later.

GENERAL PURPOSE 20-MEGACYCLE BRIDGE

It was decided first to develop a single bridge unit which would em-
brace both admittance and series impedance methods, and thereby cover
a reactance range from a few ohms up to nearly a megohm, as shown in
Fig. 4. Such a bridge would combine the features of (a) and (b) of Fig. 1.
There were numerous departures from the earlier designs, however, in-
cluding the use of a series range capacitor to reduce the size of the series
capacitance standard, the use of deposited carbon resistors,”® the form
and construction of both conductance and resistance standards, and
especially the use of transformer-coupled inductive ratio arms.
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Fig. 4—Reactance/frequency chart applying to the general-purpose bridge
shown in Fig. 5.
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The successful use of a center-tapped transformer for ratio arms in a
465-KC direct capacitance bridge" indicated that the resistance ratio
arms R1, R2 of F'ig. 1 might be omitted if a suitable transformer could be
developed for higher frequencies. The transformer group of the Labora-
tories succeeded in producing a transformer with a deviation from unity
ratio of less than 0.1 per cent over a frequency range from 0.5 to 20
megacycles. This was made possible by precise location of the windings
in fine milled grooves in the form of reversed helices, cut on a longitudin-
ally-split brass cylinder for the inner winding, and on a surrounding phenol

000
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Fig. 5—Schematic of the 20-megacycle general-purpose bridge showing both
the series (impedance) and parallel (admittance) bridge circuits combined in a
single unit.

fibre cylinder for the bifilar outer winding which serves as the bridge
ratio arms. Electrostatic shielding limits the direct capacitance be-
tween primary and secondary to less than 0.01 puf. The core material is
compressed powdered molybdenum permalloy. This transformer was
the nucleus around which the general purpose bridge was built, and the
resulting bridge is shown schematically in Fig. 5.

In Fig. 5, the letters A, B, ¢ and » designate the four bridge corners,
and T is the ratio-arm transformer already described. Apparatus to be
measured by the admittance method is connected to terminals ¢ and b,
and is balanced by the calibrated capacitor cp and conductance standard
Gp. To use the series reactance method, c¢p and 6P are set at minimum
settings, apparatus to be measured is connected to terminals x1 and x2,
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and is balanced by the calibrated capacitor cs and resistance standard rs.
The range capacitor cr consists of several mica capacitors for extending
the range of c¢s, as will be described below; and zs is merely a compensat-
ing impedance, essentially an inductive two-ohm resistor. The circuit
is thus basically quite simple and avoids the use of switches or other
complications which would impair performance at these high frequencies.

Capacitors cp and cs are worm-driven air capacitors with a range of
about 220 upf, and were specially designed for this bridge. In the case of
cs, any direct conductance between rotor and stator would result in an
effective series resistance which would vary both with frequency and
capacitor setting, and therefore require laborious correction. This was
avoided by arranging the construction so that the rotor and stator are
mounted on independent insulating supports to the ground panel, thereby
completely eliminating direct conductance from rotor to stator. While
this results in some conductance from test terminal x1 to ground, the
amount is small and its effect is negligible because of the relatively low
impedance values measured. In the case of cp, on the other hand, it is
important to minimize series resistance and inductance to avoid con-
ductance and capacitance corrections which would change both with
frequency and capacitor setting. This was accomplished by careful design
of the rotor brush using silver contact surfaces and center-fed connections
to both rotor and stator.

The conductance standard, ap, and resistance standard, rs, were de-
signed to emphasize high-frequency performance. Deposited carbon resis-
tors' on ceramic rods 3” in diameter and 2” long mounted on small
decade rotors were used, so arranged that only onc resistor on a rotor is
in the circuit at any time, and that adjacent resistors are short-circuited
by means of auxiliary shorting brushes to eliminate shunting admittance
which might vary with frequency. For ap the resistance values are such
that the two lower decades and the slide-wire rheostat each have a
residual conductance of 333 micromhos, thereby avoiding the use of
resistors exceeding 3,000 ohms in value which would be more likely to
vary with frequency. The structure is designed to minimize series in-
ductance and to maintain constant capacitance for all settings. For rs,
on the other hand, it is necessary to maintain constant inductance for
all settings. This was accomplished by adding small wire-loop compen-
sating inductors in series with individual resistors in the 10-ohm and
100-ohm decades when necessary. To minimize the over-all inductance,
the resistor rotors are placed very close together and are driven by gear-
ing from the corresponding dials.

The range capacitor, cr, has already been mentioned. It consists of a
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rotor switch on which are mounted five uncalibrated mica capacitors
which enable ¢s to measure both positive and negative reactance values
up to 10,000 puf without additional switching. The 20 uuf cr capacitor
covers capacitance measurements up to 60 puf; the 40 puf capacitor
covers up to 150 puf; the 80 puf up to 600 uuf; the 140 puf up to 10,000
wuf; and the 200 puf capacitor covers all the positive series reactance
measurements. Since the cr capacitor permits the bridge to be balanced
with the test leads short-circuited, the value of the effective resistance
under test is simply equal to the difference between rs readings for the
measurement balance and the short-circuit balance, and the reactance
under test is determined from a computation of the two readings of cs.

A front view of the general purpose bridge is shown in Fig. 6. The four
lower dials are for ap; above them are the four rs dials; and above them
is the cr dial. The capacitors ¢s and cp are located adjacent to the test
terminals, but are operated remotely by the dial knobs at the extreme
right end of the bridge. This was done to remove the operator’s hands as
far as possible from the test terminals. Near the test terminals is a coaxial
connector engraved a. This allows plug-in capacitors (cu in Fig. 5) to
be added in parallel with cp for extending the capacitance range. Com-
pact silvered mica capacitors in steps of 200 uuf are used. Fig. 7 shows
the interior of the same bridge with cp and cs in the lower foreground,
ap at the left and ®rs in the upper right.

Fig. 6—Front view of the general-purpose bridge shown in Fig. 5. The bridge
is approximately 103 inches high and 19 inches wide.



1008 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1952

S

Fig. 7—Interior view of the general-purpose bridge. The panel edge shown in
the foreground is the left edge of the bridge shown in Fig. 6.

FIVE-MEGACYCLE MAXWELL INDUCTANCE BRIDGE

To facilitate the measurement of low-valued inductors, there was need
for a direct-reading inductance bridge inasmuch as such measurements
entail considerable computation effort when using the general-purpose
bridge. Accordingly, it was decided to build a five-megacycle Maxwell
inductance bridge to cover a range from 0.001 microhenry up to 10 micro-
henries, and effective resistance values up to 11 ohms. The basic circuit
is the same as the Maxwell bridge in Fig. 1, but the design embraces
such refinements as glass-sealed deposited-carbon resistors for the con-
ductance standard, and a worm-driven center-fed variable air capacitor.
Special woven-wire resistors on spools of Teflon are used for the two fixed
arms, and are compensated to give a constant product of practically zero
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Fig. 8—The five-megacycle Maxwell inductance bridge is approximately 121
inches high and 19 inches wide. Test terminals are at upper left, and the three
knobs at lower right are zero-balance adjusters.

Fig. 9—Interior of bridge of Fig. 8 showing the shielding for test terminal X1
in foreground; at the left is the calibrated air capacitor; at the right are the con-
ductance decades using glass-sealed deposited-carbon resistors.
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phase angle over the entire frequency range. The result is a direct-reading
bridge shown in Figs. 8 and 9 which has greatly facilitated the develop-
ment of inductors in the megacycle range. The accuracy for major
component varies from '4=0.25 per cent at one megacycle up to =1
per cent at five megacycles.

TEN-MEGACYCLE ADMITTANCE BRIDGE

Development of capacitors for the L3 coaxial system has required a
new ten-megacycle admittance bridge. Intended especially for determin-
ing temperature coefficient and frequency characteristics of small capa-
citors, the bridge is capable of measuring capacitance values up to 200
puf with a precision of 40.01 puf, and a wide range of conductance values.
Unlike the other two bridges described which make grounded measure-
ments only, this bridge is arranged for direct and balanced-to-ground
measurements as well. This is accomplished by using the ratio-arm trans-
former already described in combination with a simple grounding circuit
using a three-position key, as shown in the bridge schematic of Fig. 10.

T

Fig. 10—Ten-megacycle admittance bridge with three-position key for shift-
ing ground to B for measuring direct admittance, to junction of Cl and C2 for
balanced admittance, and to D for grounded admittance. Unknowns may be
connected from A to D or C to D.



IMPEDANCE BRIDGES FOR MEGACYCLE RANGE 1011

The direct-capacitance measurements are useful in the development of
low valued capacitors, and the balanced-to-ground measurements are
helpful in evaluating low-admittance off-ground networks.

CONCLUSION

Bridges have been developed for the measurement of impedance and
admittance parameters at megacycle frequencies with accuracies hereto-
fore possible only at much lower frequencies. Several of the twenty-
megacycle general-purpose bridges have been built and are furnishing
useful measurements of networks and components. Experience with these
bridges has indicated ranges for which supplementary special-purpose
bridges would be desirable, and two such bridges have been built: a
Maxwell bridge for low-valued inductors, and an admittance bridge for
low-valued capacitors. One feature of all of these bridges not generally
available in commercial measuring instruments for megacycle frequen-
cies is the provision of standards having a range of several decades. These
allow balances to be made with greater precision over a wider range of
phase angles in the apparatus under test, and assure that the absolute
accuracy will not be limited by readability. This added precision is very
useful in comparing similar components or in measuring characteristics
such as temperature coefficient.
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17. T. Slonczewski, “A Versatile Nomagram for Circuit Problems,” Bell Labs.
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Abstracts of Bell System Technical Papers*
Not Published in This Journal

A Full Automatic Private-Line Teletypewriter Switching System. W. M.
Bacon! and G. A. Locke'. Trans. A.I.E.E., 70, Part 1, pp. 473-480,
1951. (Monograph 1837).

This paper describes a full automatic teletypewriter message switching system
for use in private-line networks involving one or more switching centers and a
multiplicity of local or long-distance lines, each of which may have one or more
stations. This system provides fast teletypewriter communication from any
station to any other station or group of stations in the network. At its point of
origin a message first is perforated in tape accompanied by suitable directing
and end-of-message characters, thereafter it is transmitted automatically, stored
temporarily in perforated tape at a switching office, and then routed at high
speed to its point or points of destination. Important features are the arrange-
ments provided to permit efficient use of long full duplex transmission lines, the
full automatic handling of multiple-address messages with only a single originat-
ing transmission, and the various guards and alarms which .are provided to
protect against loss of messages in case of trouble.

Operational Study of a Highway Mobile Telephone System. L. A.
Dorrr'. Trans. A.I.E.E., 70, Part 1, pp. 31-37, 1951. (Monograph
1838).

The Dynamics of the Middle Ear and Its Relation to the Acuity of Hear-

ing. H. FuercuER'. J. Acoust. Soc. Am., 24, pp. 129-131, March, 1952.

The transformer action of the middle ear as measured by Bekésy is shown to
be the principal cause for the low acuity of hearing for low frequencies. Because
of the very low mechanical impedance across the basilar membrane at low fre-
quencies, large acoustical pressures in front of the ear drum produce appreciable
acoustical pressures across the basilar membrane. For example, at 100 cps this
pressure is thirty times and at 6000 cps it is one-tenth that created across the
basilar membrane.

Diffusion of Donor and Acceptor Elements Into Germanium. C. S.
FuLLer'. Phys. Rev., 86, pp. 136-137, April 1, 1952.

* Certain of these papers are available as Bell System Monographs and may be
obtained on request to the Publication Department, Bell Telephone Laboratories,
Inc., 463 West Street, New York 14, N. Y. For papers available in this form, the
monograph number is given in parentheses following the date of publication, and
this number should be given in all requests.
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A Submarine Telephone Cable with Submerged Repeaters. J. J. GILBERT'.
Trans. A.I.E.E., 70, Part 1, pp. 564-572, 1951. (Monograph 1815).

Physical Structure and Magnelic Anisotropy of Alnico 5. Part I. R. D.
Hemenreicr' and E. A, Nussrrer'. JI. Appl. Phys., 23, pp. 352-371,

March, 1952. (Monograph 1976).

It is concluded from electron metallographic results that the high coercive
force and anisotropy of Alnico 5 are caused by a very finely divided precipitate
produced by the permanent magnet heat treatment. This precipitate is a transi-
tion structure rich in cobalt and is face-centered cubic with a, = 10A and ap-
pears as rods growing along the [100] directions of the matrix crystal when no
magnetic field is applied during heat treatment. The size of the precipitate rods
at optimum properties is approximately 75-100A by 400A long. The spacing
between rows of rods is about 200A. The rods are not distinetly resolved in the
electron images unless they are grown by aging at 800°C. Their orientation and
structure is clearly evident in the electron diffraction patterns at all stages of
growth. The precipitate responds to a magnetic field applied during heat-treat-
ment both by suppression of nuclei making an angle greater than about 70° with
the field and by the forcing of the rods off the [100] direction into that of the
field. The precipitate rods tend to scatter in direction about the field vector when
the field is off the [100] but are aligned accurately when the field is along [100].

Energy of a Bloch Wall on the Band Picture. I. Spiral Approach. C.

HERRING'. Phys. Rev., 85, pp. 1003-1011, March 15, 1952.

It is shown that the band or itinerant electron model of a solid is capable of
accounting for the “exchange stiffness” which determines the properties of the
transition region, known as the Bloch wall, which separates adjacent ferromag-
netic domains with different directions of magnetization. In this treatment the
constant spin function usually assigned to each running electron wave is replaced
by a variable spin function. At each point of space the spin of a moving electron
is inclined at a small velocity-dependent angle to the mean spin direction of the
other electrons, and this gives rise to an exchange torque which makes the spin
direction of the given electron precess as it moves through the transition region,
the precession rate being just sufficient to keep it in approximate alignment with
the macroscopic magnetization. Physical insight into the mechanisms involved
is provided by a rigorous solution of the wall problem for a ferromagnetic free
electron gas in the Slater-Fock approximation, although it is known that the
free electron gas is not likely to be ferromagnetic in higher approximations.
Rough upper limits to the exchange stiffness constants for actual ferromagnetic
metals can be calculated without using any empirieal constants other than the
saturation moment and the lattice constant. The results are only a few times
larger than the observed values.

Elastic and Plastic Properties of Very Small Metal Specimens. C.
Herring' and J. K. Garnr'. Phys. Rev., 85, pp. 1060-1061, March 15,
1952. (Monograph 1977).
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A Scanner for Rapid Measurement of Envelope Delay Distortion. L. E.
Hunt' and W. J. AusersueiM’. Proc. I.R.E., 40, pp. 454-459, April,
1952. (Monograph 1967).

A measuring device is described which instantaneously displays the envelope
delay-frequency characteristic on a cathode-ray screen. Loop and one-way
measurements of long-distance radio networks can be carried out. The frequency
range extends from 60 to 80 megacycles; the limits of accuracy are 1 millimicro-
second or 2 per cent of the measured delay range. Comparison of two charac-
teristics can be carried out by superposition of alternate scanning traces.

The device has been found useful in measuring the delay distortion of the TD-2
radio-relay system and in designing and adjusting the delay equalizers needed
to correct it.

Numerical Integration Near a Singularity. E. L. KarLan'. J. Math.
Phys., 31, pp. 1-28, April, 1952. (Monograph 1980).

Measurement of Diffusion in Semiconductors by a Capacitance Method.
K. B. McArer', W. Snockrey' and M. Srarks'. Phys. Rev., 86, pp.
137-138, April, 1952.

Probing the Space Charge Layer in a p-n Junction. G. L. PEARsON',
W. T. Reap' and W. SmockLEY'. Phys. Rev., 85, pp. 1055-1057, March
15, 1952. .

Control Methods Used in a Study of the Vowels. G. E. PeTERSoN' and
H. L. BarneYL J. Acoust. Soc. Am., 24, pp. 175-184, March, 1952.
(Monograph 1982)

Relationships between a listener’s identification of a spoken vowel and its
properties as revealed from acoustic measurement of its sound wave have been
a subject of study by many investigators. Both the utterance and the identifica-
tion of a vowel depend upon the language and dialectal backgrounds and the
vocal and auditory characteristics of the individuals concerned. The purpose of
this paper is to discuss some of the control methods that have been used in the
evaluation of these effects in a vowel study program at Bell Telephone Labora-~
tories. The plan of the study, calibration of recording and measuring equipment,
and methods for checking the performance of both speakers and listeners are
described. The methods are illustrated from results of tests involving some 76
speakers and 70 listeners.

Current Multiplication in the Type-A Transistor. W. R. SiTTNER.
Proc. I.R.I., 40, pp. 448-454, April, 1952. (Monograph 1969).

One of the basic phenomena exhibited by transistors is current multiplication.
In transistors of the point-contact type (one of these has been called the Type-A),
the mechanism giving rise to this effect has been somewhat uncertain. Four
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possiblemechanismsof the current multiplication process in the Type-A transistor
are discussed. One of the mechanisms is based on trapping holes in the collector
barrier of the semiconductor. By means of this trapping model, the effect of
emitter current and temperature on the current multiplication is predicted. It
is shown that these predictions are in reasonable accord with experiment.
Turthermore, assuming this model to hold, the trap density and activation energy
(produced by forming) may be evaluated.

Faraday Rotation of Guided Waves. . Suni' and L. R. WALKER'.
Phys. Rev., 86, pp. 122-123, April 1, 1952.

Transistor Forming Effects in n-Type Germanium. L. B. Varpms'.
Proc. I.R.E., 40, pp. 445-448, April, 1952. (Monograph 1969).

Some of the effects of electrical forming of the collector of an n-type germanium
transistor are discussed. Evidence is presented for the existence of a region of
p-type germanium underneath the formed electrode, together with some indica-
tion of the size of the formed region. These experiments lend support to the p-n
hook mechanism in that they explain the observed high values of alpha in tran-
sistors. This relation is discussed.

Domain Structure of Perminvar Having a Rectangular Hysterests Loop.
H. J. Winuiams' and M. Goerrz'. JI. Appl. Phys., 23, pp. 316-323,

March, 1952. (Monograph 1985).

An investigation has been made of the magnetic domain structure of Permin-
var (43 per cent Ni, 34 per cent Fe, 23 per cent Co) ring specimens having rec-
tangular hysteresis loops after heat-treatment in a magnetic field. Domain
patterns obtained with colloidal magnetite showed curved domain boundaries
extending completely around the rings, forming circles concentric with them.
Changes in magnetization oceur when an applied field causes the circular bound-
aries either to expand or contract so that there is a change in the relative values
of clockwise and counter-clockwise flux. A nucleus of reversed magnetization
was formed by making a small notch in a specimen, and this decreased the co-
ercive force and hysteresis loss by a factor of two. It was found that in a 180°
domain boundary it was possible to make the change in spin orientations, which
occurs in going from one side of the boundary to the other, have either a right-
or left-hand screw relation, by the application of a field of appropriate sign per-
pendicular to the surface. The effect of superposing an applied alternating field
was also investigated, and an effective permeability of 4,000,000 was obtained.

Measuring Techniques for Broad-Band. Long-Distance Radio Relay
Systems. W. J. ALBERSHEIM . Proc. I.R.E., 40, pp. 548-551, May, 1952.

(Monograph 1971).

Line-up and maintenance of radio relay systems require sensitive yet rapid
measurements. These are obtained by scanning the systems response as func-
tions of time, frequency, and amplitude. Parameters thus scanned include the
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transient response to step functions; frequency characteristics of gain, phase,
impedance and their frequency derivatives; and amplitude characteristics of
output nonlinearity and of intermodulation products.

Aluminum Die Castings—The Effect of Process Variables on Their
Properties. W. Basineron' and D. H. KreppiNGeR:. Proc. A.S.T.M.,
51, pp. 169-197, 1951.

Diffusion in Alloys and the Kirkendall Effect. J. BarpEEN" and C.
HERRING!. pp. 261-288 of Imperfections in Nearly Perfect Crystals, Wiley
N. Y, 1952, 490 p. Edited by W. Shockley, J. H., Hollomon, R. Maurer
and F. Seitz. Symposium held at Pocono Manor, Oct. 12-14, 1950, by
Committee on Solids, National Research Council.

Lightning Protection for Fixed Radio Stations. D. W. BobLe'. Tele-
Tech, 11, pp. 58-60, 1264, June, 1952.

Common grounds, parallel conducting paths, and discharge gaps provide
three important means for avoiding equipment damage from high current surges.
Protection of connecting facilities must also be considered to preserve service.

Compression Tests on Lead Alloys al Extrusion Temperatures. G. M.
Bourox' and G. S. Prrees’. Proc. A.8.T.M., v. 51, pp. 761-770, 1951.

Load-deflection measurements made during compression tests on lead and
lead-alloy cylinders at various temperatures show the effects of alloying in-
gredients on the force required to produce deformation. The curves also furnish
clues as to changes taking place in the materials during the course of the test.
The load, P, to produce definite small deformation in pure lead at various tem-
peratures, T, are shown to follow the relationship P = Ae 3T, where A and B
are constants for the material. This is the same relationship found by others in
extrusion studies. The elements added to lead were those most commonly used
in the manufacture of cable sheath, namely, antimony, arsenie, bismuth, silver,
tellurium, and tin. The results show that the stronger alloys now used for cable
sheathing deform less readily at extrusion temperatures than pure lead or the
weaker alloys.

RF Phase Control in Pulsed Magneirons. E. E. Davip, Jr'. Proc.
1.R.E., 40, pp. 669-685, June, 1952.

This paper describes the behavior of a magnetron oscillator started in the
presence of an externally applied rf exciting signal whose frequency is not greatly
different from the unperturbed steady-state frequency of the magnetron.

Effect of Prior Strain at Low Temperatures on the Properiies of Some
Close-Packed Metals at Room Temperature. W. C. Erus' and E. S.
GREINER'. J. Metals, 4, pp. 648-651, June, 1952. (Monograph 1966).
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The Fatigue Test as Applied to Lead Cable Sheath. G. R. Gonn' and
W. C. Erwis'. Proc. A.S.T.M., b1, pp. 721-740, 1951.

This paper discusses the more important factors affecting the design of labora-
tory test methods suitable for obtaining significant fatigue data from reversed
bending tests on cantilever-beam specimens of lead cable sheathing alloys.
Data are presented to show the effect of cycling rate, temperature, shape of
specimen, alloy additions, and aging on fatigue life. The close correlation be-
tween bending fatigue tests on strip specimens and full size sections of cable is
demonstrated. The fatigue data are analyzed in terms of (1) cycle life versus
deflection, (2) cycle life versus strain, and (3) eycle life versus stress. Photo-
micrographs illustrating representative laboratory and field failures are included.

Thermal Conductivity of Germanium. A. Grieco' and H. C. Mont-
GOMERY'. Phys. Rev., 86, p. 570, May 15, 1952. '

Bell System Cable Sheath Problems and Designs. F. W. Horn"' and R. B.
Ramsey'. Trans. A.I.E.E., 70, Part 2, pp. 1811-1816, 1951. (Monograph
1917).

Powdered Siandards for Spectrochemical Analysis. E. K. Javcox'.
Applied Spectroscopy, 6, pp. 17-19, May, 1952. (Monograph 1978).

Engineering for Low Product Cost and High Product Quality al the
Western Electric Company. A. C. Jonusd. Ind. Quality Control, 8, pp.
53-59, May, 1952.

The Approzimation with Rational Functions of Prescribed Magnitude
and Phase Characteristics. J. G. Linvitl'. References. Proc. I.R.E.,
40, pp. 711-721, June, 1952.

A successive-approximations method is applied to the selection of network
functions having desired magnitude and phase variation with frequency. The
first approximation, the first set of pole and zero locations, can be selected on
the basis of known solutions to similar problems or through use of a set of curves.
In succeeding approximations the pole and zero locations are adjusted to decrease
the deviation of the earlier approximations from the desired characteristics. The
process adjusts the magnitude and phase characteristics simultaneously. Its
flexibility permits accommodation of practical constraints not possible with
other methods.

The Magnetic Structure of Alnico 5. E. A. Nussrrr' and R. D. HEDEN-
rerc’. Elec. Eng., T1, pp. 530-534, June, 1952. (Monograph 1981).

In the investigation of Alnico 5, two problems arose. What is the mechanism
which enables the alloy to respond to heat treatment in a magnetic field? What
causes the alloy to have a high coercive foree of 600 oersteds? The first problem
has been solved and progress has been made toward solving the second.
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Single-Frequency Signaling System for Supervision and Dialing Over
Long-Distance Telephone Trunks. N. A. NgwrrLL' and A. WEAVER.
Trans. AI.E.E., 70, Part 1, pp. 489-494, 1951. (Monograph 1841).

The single-frequency signaling system for long-distance telephone trunks
frees dial calls from the range and other limitations imposed by de signaling
methods. It uses alternating currents in the voice range as the signaling medium
and so can be used with any trunk of any length or type of line facility which
meets voice-transmission requirements. The signaling requirements, design
problems, main features of the circuit and equipment arrangements, and the
operation of this system are outlined in this paper. The system described is the
first practical arrangement of its type satisfactorily to meet all the conditions of
telephone service in the Bell Telephone System.

Experimental Information on Slip Lines. W. T. REap, Jr'. pp. 129
151 of Imperfections in Nearly Perfect Crystals, Wiley, N. Y., 1952,
490 p. Edited by W. Shockley, J. H. Hollomon, R. Maurer and F. Seitz.
Symposium held at Pocono Manor, Oct. 12-14, 1950, by Committee
on Solids, National Research Council.

On the Geometry of Dislocations. W. T. Reap, Jr.! and W. SHOCKLEY'.
pp. 77-94 of Imperfections in Nearly Perfect Crystals, Wiley, N. Y.,
1952, 490 p. Edited by W. Shockley, J. H. Hollomon, R. Maurer and
T. Seitz. Symposium held at Pocono Manor, Oct. 12-14, 1950, by Com-
mittee on Solids, National Research Council.

A Servo System for Heterodyne Oscillators. T. SLoNczEwsKI'. Trans.

A.I.E.E. 70, Part 1, pp. 1070-1072, 1951. (Monograph 1883).

A constant rate of progression of frequency of a motor-driven heterodyne
oscillator is obtained by comparing its output with a frequency standard. The
result is fed into a servo loop which drives the motor at the proper speed. When
used in connection with a level recorder a linear frequency scale is obtained which
is more accurate than the static calibration of the oscillator.

Metallic Rectifiers in Telephone Power Plants. D. E. Trucksess'.
Trans. A.I.E.E., 70, Part 2, pp 1464-1467, 1951. (Monograph 1987).

Metallic rectifiers are a comparatively new means of converting power from
alternating current to direct current. Most of the component apparatus used
in the Telephone Systems operates with direct current while the normal power
source is alternating current. Therefore a static device without expendable parts
which is obtainable in small and large current capacity lends itself as a means fnr
power conversion in telephone power plants.
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