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J. W. McRae

BoArD oF DIRECTORS, 1951-1952

J. W. McRae was born on October 25, 1910, in
Vancouver, British Columbia. He received the B.S.
degree in electrical engineering from the University
of British Columbia in 1933, the M.S. degree in 1934
from the California Institute of Technology, and the
Ph.D. degree from the same institution in 1937.
Early in 1937 he joined the staff of Bell Telephone
Laboratories, Inc., where he engaged in research on
transoceanic radio transmitters. His work has in-
cluded microwave research, especially a microwave
oscillator for the National Defense Research Council.

In 1942 Dr. McRae was commissioned a major in
the United States Army Signal Corps, assigned to the
Office of the Chief Signal Officer in Washington,
D. C. Here he worked on the co-ordination of de-
velopment programs for airborne radar equipment
and radar counter-measures devices, and received the
Legion of Merit for his services.

Dr. McRae was transferred to the Headquarter of
the Signal Corps Engineering Laboratories, at Brad-
ley Beach, N. J., in 1944, as chief of the engineering
staff, and became deputy director of the division,
attaining the rank of colonel hefore returning to
civilian life in 1945. Rejoining Bell Laboratories, he
was appointed director of radio projects and tele-
vision research in June, 1946, and was responsible,

also, for work on the New York-Boston radio-relay
project. \Vith the addition of responsibility for elec-
tron dynamics research in February, 1947, he became
director of electronic and television research. In
January, 1949, he was appointed assistant director
of apparatus development I. and on March 1, 1949,
was made director of this work, He became director
of transmission development on October 1, 1949, and
on June 1, 1951, Dr. McRae was appointed vice-
president in charge of the systems development or-
ganization

Dr. McRae joined the Institute in 1937 as an
Associate, and was made a Fellow in 1947. He has
been a member of the Board of Editors since 1946,
and served on the 1947 IRE Convention Committee.
He was Chairman of the New York IRE Section in
1949, and is now a member of the Board of Directors
and the Executive Committee. Dr. McRae alse
serves as Membership Relations Co-ordinator, and
belongs to the IRE Admission, Appointments, and
Awards Committees.

He has held membership in the American Institute
of Electrical Engineers and Sigma Xi since 1936.
Eta Kappa Nu awarded him an Honorary Mention
in their recognition of Outstanding Young Electrical
Engineers for 1943.
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Mathematical Style and the Technical Paper

F. J. BINGLEY

Correspondence over many years with the membership of the Institute has shown a pronounced diversity of opinion
concerning the importance and desirability of including mathematical papers in the PROCEEDINGS. Some have felt that such
papers are basic, uscfully instructive, and much to be encouraged. Others have regarded them as uninteresting and of but

little value to the practicing engineer. A balanced viewpoint,

which has guided the editorial readers, is that so-called “theoreti-

|
l
1,” as well as “practical” papers are of much valu2 to the readers and should accordingly both be presented.
The following guest editorial offers a clear justification (if that were needed) of present Institute editorial and publication
policies. Its author is a Fellow of the Institute, a member of the IRE Papers Review Committee, a noted contributor to the
development of television broadcast engineering, and is associated with the Research Division of the Philco Corporation. |

The development and exposition of engineer-
ing ideas usually involve the extensive applica-
tion of mathematical methods. It is certainly
desirable that this should be the case because
only in this way can experimental results be
fitted into a framework from which a complete
structure of knowledge can be erected. All this
is well recognized, and we of the radio-engineer-
ing profession have made extensive progress by
this method. We have learned that knowledge
is built by a sort of dual process. The process
usually starts with the discovery of some experi-
mental effect which, after being the subject
of many tests and measurements, appears to
follow some law capable of mathematical ex-
pression. Upon the assumption that the law
holds, further implications which would appear
to follow from the law are derived by mathe-
matical analysis. This leads us to a new set of
physical facts which should then be true, where-
upon these apparent facts are put to the test
of experiment. If they pass this test, knowledge
is further strengthened. More mathematical
analysis follows, and more tests and measure-
ments. And so it goes, with the structure of
knowledge getting bigger and more solid with
the passage of time.

Thus mathematics is an essential part of engi-
neering. Just as we need clear, accurate, defini-
tive experimental data, so must we have mathe-
matical analysis of the same caliber. Just as we
must use clear, lucid words to describe our ex-
perimental findings, so must we use clear
mathematics for their further description and
analysis. The quality of expository writing that
fulfills these requirements is known as “style,”
which exists just as surely in mathematics as
it does in literature. It avoids the florid and
ostentatious use of complex methods where

—The Editor.

3

simpler processes exist; it does not leave the
derivation of the solution as an exercise for
the reader, but shows him clearly the shortest
and best mathematical route to the desired
end.

Achieving mathematical style in a paper re-
quires specific effort on the part of the author.
The first derivation of a new result is invariably
made over a rough and circuitous path, and
the only factor which makes such a difficult
journey worthwhile is the satisfaction which
the engineer himself derives from obtaining
the result. But in describing his results later,
the author should not require his reader to
suffer the same hardships. He should, instead,
smooth out and straighten the path so that the
journey for the reader is easy. This means addi-
tional work and thought for the engineer, but
it is not without its rewards. For he becomes
the more sure of the accuracy of his findings as
he beats other straighter paths towards them;
he acquires new viewpoints, and perhaps dis-
covers new facts as he covers the intervening
territory more completely, and by increasing the
readiness with which his findings may be as-
similated by others, he accelerates the rate at
which his ideas are adopted and accredited to
him. The whole process may be likened to the
optimizing of circuit constants to reduce un-
necessary losses.

It is difficult for an engineer, newly tri-
umphant over some complex problem and
anxious to give his results to the technical
world, to pause long enough to make sure that
his presentation is in conformity with the
thoughts expressed here. But reflection will
prove to him that such time is well spent, and
that the quality of mathematical style adds
greatly to the value of his work.
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The Organization of Research”
D. B. HARRISY, SENIOR MEMBER, IRE

DiscussionN

T IS RATHER generally agreed that the type of
organization required for the effective conduct of a
research activity differs from the usual business

organization in two major respects; first, in that the
organization must be built around the individual, con-
trary to the usual requirement that the individual adapt
himself to the organization; and second, in that truly
effective project planning cannot be done from the top,
since it is only the individual research worker who is in a
position to plan his next steps on the basis of informa-
tion developed from previous steps. Hafstad! has ex-
pressed these concepts admirably in the following words:

“ ... onedoes not have an organization when he runs
a big research show, but has instead a collection of in-
dividuals who have their own individual peculiarities.”
And:

“Research is ... like a plant—like something that
grows. The only way you can control it is to fertilize it a
little. If it is growing well in a certain location, throw
in a little fertilizer, which means more dollars. If itisn’t
growing well with reasonable care, there is no use wast-
ing any more fertilizer or dollars on it. It won't grow
anyway. You can’t raise water lilies in a desert.”

That these conclusions should now be rather generally
adopted as almost axiomatic is not surprising. The char-
acter of research is so extremely individualistic that in
the case of a research organization the importance of
individualism is an almost self-evident fact. The sur-
prising thing is that it should have taken the scientists
and researchers to recognize a situation which, in fact,
may not at all be confined to research, but may actually
exist rather generally in the business field.

The success of any organization certainly depends
to a great extent on the people in it, whether the busi-
ness involved is the determination of basic facts of na-
ture, the development of new types of electronic gear,
or the manufacture of breakfast food. That organiza-
tions must be built, at least to some extent, around peo-
ple is therefore a general principle which may be more
strikingly demonstrated in the case of scientific enter-
prise, but which also applies to almost any kind of
endeavor.

In considering the question of research organization,
we accordingly need to bear two general principles in
mind: first, that this is only a specialized example of a
general situation; and second, that the root of the prob-

* Decimal classification: R010. Original manuscript received by
the Institute, January 4, 1951.

t Airborne Instruments Laboratory, Inc., Mineola, L. I., N. Y.

1 G. P. Bush and L. H. Hattery, “Scientific Research; its Ad-
ministration and Organization,” American University Press, Wash-
ington, D. C.; 1950.

lem is people. For effective results, we must so consti-
tute our organization that the people in it can function
with satisfaction and efficiency. If this objective is not
achieved, no amount of “master-minding,” “cracking
the whip,” “regimentation,” or detailed attention to
specific problems will produce satisfactory results.

In determining what specific steps need to be taken
in order to tailor an organization to these requirements,
it would be most helpful if we might be able to make a
list of the things which keep people “satisfied and effi-
cient.” Such lists have been made under the heading of
“Wages and Working Conditions,” and include such
things as adequate salaries, well-lighted quarters, ade-
quate working space, satisfactory drinking water, pre-
mium pay for overtime, vacations, pension plans, and
wage progression schedules. These are all things desired
by almost anyone. But many executives have been sur-
prised to find that, in some organizations in which the
greatest amount of attention has been given to these
matters, the morale and accomplishment of the group
are fairly often the most inferior.

These things are not enough. They are essential, it is
true, but something over and beyond satisfactory wages
and working conditions is required to produce good
morale in an organization. This additional requirement,
unlike wages and working conditions, which have to do
with the physical welfare of the employees, is a matter
of the spirit, and it is here that the personnel director
steps out and the operating executive comes into the pic-
ture, along with his personality and his operating prac-
tices. These are the things which really determine the
morale of an organization—the way employees are
treated in the day-to-day performance of their tasks.

Our quest for information as to what we need to put
into our organization to keep people satisfied and effi-
cient, is, therefore, limited, for purposes of the present
discussions, strictly to the operating organization of the
enterprise, the assignment of responsibility and author-
ity, operating routines, and the effect these things may
have on the happiness and efficiency of personnel.

Here we immediately find that it is not possible to
make a list of types of operating procedures which will
be most palatable to the personnel and at the same time
the most effective. For people differ in what they de-
mand from an organization in the way of responsibility,
security, and achievement. And their desires are not al-
ways compatible with the welfare of the enterprise.

In analyzing this question, it is a temptation to clas-
sify individuals into two general groups with respect to
their aspirations. Such classifications of people are
nearly always fallacious, because some people, in fact
most people, cannot be fitted precisely into any one of a
limited number of groups. Nevertheless, for purposes of
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illustration, and bearing in mind the fact that actual in-
dividuals will necessarily fall into intermediate classifi-
cations not considered, let us examine two extreme
types of mental outlook.

First, there is the well-qualified routine worker. As
far as his job is concerned, he has no particular desire
for achievement, and his objective is his pay check,
which he may use to buy for him those satisfactions
which he does not obtain from his work. He may have
ambition for advancement and the resulting higher
salary, but his primary concern is security. He prefers
to be told what to do, in the greatest detail, and feels
uncomfortable when called upon to make decisions. He
is a skilled and efficient worker, the backbone of the
organization, so long as his work is in a field with which
he is familiar. He learns almost entirely through experi-
ence and feels that it is a responsibility of the company
to provide him with training by means of which he can
acquire the experience necessary to permit him to per-
form his job with greater efficiency.

Second, there is the ambitious “career man.” To him
the satisfactions of accomplishment derived from his
job are a predominant motivation in his life, and he
would be willing to work for a small salary, if he were
permitted to feel the pride of achievement. He is highly
intelligent, and a rugged individualist. He despises rou-
tines and regimentation, and doubts if there is any true
necessity for them, since he himself is able to make satis-
factory decisions without recourse to them. He is apt to
be a disturbing element in the organization machinery
since his first inclination is to cut red tape and get the
job done regardless of rules, regulations, and the neces-
sity for co-ordination. He learns through processes of
deduction, rather than through trial and error, or ex-
perience. His goal in life is achievement, and he is com-
pletely ineffective, dissatisfied, and useless to the organ-
ization if confined to a routine job, or unduly restricted
in the latitude of decision permitted him.

These two extreme cases illustrate a discrepancy
which must be taken into account in planning an organ-
ization. It is not possible to provide a type of organiza-
tion, having uniform rules applicable to all employees,
in which both types of individuals can function with a
high degree of ease and efficiency. The routine man, of
the first type, demands close supervision, and rigid and
complete regulation of all operations which he performs.
These are the exact conditions under which the abilities
of the individualist, of the second type, are circum-
vented, with the result that, if he does not leave the job
and go elsewhere, his valuable potentialities are gen-
erally completely wasted.

Does this mean that we must choose one or the other,
that we must either have a completely regimented or-
ganization of routine workers, or an entirely uncon-
trolled, anarchical organization of individualists? No,
because here, a third factor comes into play: the require-
ments of the organization itself, as a mechanism. These
are twofcld, insofar as the question of routine practices

is concerned. In the first place, no organization can af-
ford to be completely without rules and regulations, be-
cause an organization is a co-operative enterprise, and,
like a society, it must contain provisions for channeling
its activities with a reasonable degree of effectiveness so
that the necessary compartmentalization and specializa-
tion can be maintained, and intergroup activities can be
made to run smoothly. Thus, the rugged individualist
must be prepared, when working in a group, just as in
his social relationships, to sacrifice some of his personal
independence in return for the assistance received from
specialists in other branches of the organization. In
society, he would not expect to buy and charge a pair
of shoes at a department store without being prepared
to handle the paper work that accompanies the transac-
tion, in this case a charge slip and a bill; similarly, in an
organization, if he wants the services of a machinist, he
must be willing to conform to routine requirements re-
lating to the preparation and routing of a shop order.
Of course, in society, he might elect to make the shoes
himself, or in an organization, to go out and do his own
machining, just for the sake of being independent of
routine, but ordinarily, no sensible person would deny
himself the_benefits of specialization in this fashion.
Second, any organization which expects not only to
progress, but even to hold its own in competition, must
number among its personnel at least a few individualists,
aggressive, independent thinkers. They are the vital
spark in the enterprise, the policy makers, the leaders
who are able, when confronted with problems beyond
the scope of their own experience or that of the group,
to solve them by logical deduction, and guide the enter-
prise through uncharted waters. Without them, an
organization is inevitably confronted ultimately with
failure, brought about usually through obsolescence.
Thus, there is an essential place in any organization
for both types of individuals, and we reach the conclu-
sion that routine practices must somehow be adapted to
accommodate them both. Actual experience shows that
in most business enterprises, there is no difficulty in ac-
commodating the routine worker. The mechanical re-
quirements of an organization naturally result in the
development of a mass of routine practices specifying,
in the smallest detail, the exact procedure to be ob-
served in any contingency. This is definitely the
“machine” approach; planners are very apt to regard
the organization as a machine, in which every part is
expected to function in a certain prearranged manner in
conjunction with every other part, within very narrowly
specified tolerances. All that is needed to bring about
this result is the application of industry to the problem
of writing practices, and the lapse of time. It is axio-
matic that the larger an organization gets, the more spe-
cialized, compartmentalized, and routinized it becomes.
The real problem then is to take care, while recogniz-
ing the value and necessity of rules and regulations, to
avoid their glorification to the extent that the organiza-
tion eventually becomes totally regimented, and loses
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all its individualists, who should be its leaders and
planners. This is a very real danger, which has actually
overtaken some of our larger concerns. It is ironical,
that in this country, the last bulwark against the tides
of socialistic totalitarianism and regimentation, many
of the independent capitalistic enterprises, which we
are defending, have themselves become so regimented,
that, from the standpoint of the employce, he might
as well be working for a totalitarian state. It is actually
a fact that in not a few organizations, instructions have
been issued to employees on how to wipe their hands.
These instructions, it is true, were issued for the pur-
pose of conserving paper towels, and may therefore
be said to have resulted from one of the “mechanical”
requirements of the organization viewed as a ma-
chine: but the damage done to employees’ morale by
such insulting practices far outweighs any savings
achieved.

The problem is aggravated by an unstable condition
of equilibrium which necessarily exists. If an excessively
routine worker, of the first type considered in the fore-
going, gets into a position of authority, it is natural for
him to perpetuate his own ideas in the organization. It
thus becomes even more strongly regimented than be-
fore, additional routine workers are elevated into posi-
tions of authority, and the ultimate result is an organ-
ization solidified into a condition of complete rigidity,
with no hope of ever relaxing it, short of a complete and
cataclysmic replacement of its entire supervisory staff.
Such individuals with an excessively routine slant are
very apt to regard conformity as the sine qua non for
employment. They resent independent thinking not
based on experience, feel that it is presumptuous for a
subordinate to express original views, and if he does so,
regard him as an egotist, and a revolutionary. To them,
discipline is everything; rules and regulations are an end
unto themselves to be observed . religiously, without
exception, purely for the sake of conformity; and the
individualist is a dangerous character whose presence
in the organization is an unnecessary hazard. Many of
these things may be true, to a degree, but any organiza-
tion which has reached this extreme, in which the in-
dividualist cannot function because by his very nature
he cannot be a complete conformist, has nothing to look
forward to but ultimate failure and dissolution because
of the very lack of leadership.

Such a situation may, in fact, be as disastrous as its
exact opposite, a complete lack of any organization or
regulation. This lack of organization also actually exists
in many of the smaller concerns, which have not as yet
had an opportunity to gear their operations to their
rapidly growing size. Definite responsibilities are not
fixed, and not only is the supervisor frequently in doubt
as to which of the workers is reporting to him, but the
workers themselves do not know who the boss is. Indi-
vidual workers receive most of their instructions i-
rectly from the head of the division, short-circuiting
intermediate supervisors and leaving them completely

PROCEEDINGS OF THE I.R.E.
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partment.
cure-

in the dark as to happenings in their own de
Routine procedures are largely lacking, and the pro
ment of parts and components, properly handled _by
smoothly running routines, may turn out to be a major
project for individuals in supposedly responsible posi-
tions, who are forced to hand-carry papcrs through th.e
organization at the expense of time taken from their
proper duties, and with the probable result that some-
one gets left out, and records are not corrected. Due to
the lack of assignment of responsibilities, subordinate
supervisors are not in a position to handle their jobs
effectively, and top supervisors find themselves more
and more loaded down with routine paper work as their
organization grows. Politics are rampant due to the lack
of well-delineated job requirements, and individuals fre-
quently reach positions of dominance merely by dint of
intrigue and aggressiveness, rather than through ability.
There are no regulations for keeping costs under con-
trol, and efficiency drops to a minimum. Organizations
in this condition can operate only at a financial loss, and
must take steps to remedy the situation by setting up a
reasonable organization procedure, if they expect to
continue to operate at all.

Two extreme philosophies of management have been
applied to various enterprises, with varying results.
One, typified by some of our larger corporations, treats
the entire organization strictly as a machine, and
makes extreme provisions for standardization, which
facilitate the application of specialization over large
geographical areas, and throughout extensive fields of
endeavor. This type of management philosophy makes
it possible and desirable to employ personnel of average
intelligence, who are not only willing to accept, but ac-
tually demand the rigid, detailed working practices re-
quired to bring about perfect co-ordination of the vast
and intricate organizational mechanism. Such organiza-
tions may be highly efficient, may provide excellent
service or products at a reasonable price and may show
a fair profit made possible at least in part by their low
salary costs. But they are extremely vulnerable to
obsolescence, since their excessive regimentation dis-
courages the development of future ledders having the
vision and imagination needed to cope with the competi-
tion induced by technological and social changes.

The other philosophy of management referred to is
that which was employed, more or less through force of
circumstances, in operating some of the governmentally
controlled and financed research enterprises during
World War I1. Scientists of exceptional reputation and
brilliance were brought together from universities and
industries all over the country into laboratories estab-
lished on the spur of the moment, and on a supposedly
temporary basis, for the purpose of working in specific
fields of endeavor. Ample funds were provided, and, in
general, though nominal controls were maintained by
the government, the workers were given almost com-
plete latitude to do as they wished, only the broadest
possible delineation of a research program having been
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set up by the administrative personnel at the top of the
organization. The results were astounding. New inven-
tions and developments of old inventions, fundamental
technological improvements, and discoveries in almost
every field of scientific investigation started pouring out
of the new laboratories at a rate at least an order of
magnitude greater than that previously considered nor-
mal in industry. Developments which would ordinarily
have been expected to take twenty years to perfect were
completed in two years. Proposals for outlandish new
devices which had previously been rejected as unwork-
able were accepted, projects were set up, and all of the
devices were made to function.

This philosophy of organization proposes the em-
ployment of the most brilliant staff available, the provi-
sion of ample funds, and then an attitude of almost
complete laissez faire on the part of management. The
success achieved with these methods during the war in-
dicates that the policy is not far from wrong. Certainly,
the latitude given the workers resulted in constructive
planning by a much larger number of qualified people
then would have been possible, had all policy been dic-
tated by management. Certainly, this type of manage-
ment afforded a congenial atmosphere for the indivual-
ist, and ample opportunity for his development as a
leader. On the debit side, however, it must not be over-
looked that the lack of controls resulted in tremendous
waste, which could have been tolerated only by the
government during wartime. Moreover, the lack of or-
ganization in many cases actually impeded the scien-
tists in their work, because sufficient management
mechanisms to assist them in obtaining material, test
equipment, and other facilities were not always pro-
vided. Finally, this sort of organization approach is
feasible only when it is possible to obtain the services
of large numbers of highly paid and extraordinarily
qualified men capable of accepting the responsibilities
thrust upon them. Under normal conditions, the avail-
ability of such personnel might be limited, and in any
case, the salary cost might be prohibitive.

We reach the conclusion that a certain amount of
organization and routine is essential, because, for me-
chanical reasons, no group effort can hope to succeed
without it, and because the routine workers demand it.
On the other hand, the organization must be so con-
stituted that the individualists are exposed to a desir-
able minimum of regimentation.

How, then, may this result be brought about? The
following general principles are proposed, as at least a
partial solution of the problem:

1. Management Should Plan and Serve, Not Rule

Too often, rules and regulations are not the result of
organizational necessity, but merely of empire building
on the part of some member or members of the manage-
ment. The writer is familiar with one organization in
which it was actually necessary at one time to refer a

recommendation through 5 organizational levels, with
discussion at each level, in order to obtain a carefully
engineered job order for moving an electric time clock
6 inches from its original position, a job which could
easily have been done by a reasonably skilled carpenter
under the direction of the lowest level of supervision.
Such requirements merely tie up the supervisory organ-
ization in useless discussion, and serve no purpose other
than aggrandizement of the position of the top man.

Aside from the question of practices, a similar atti-
tude sometimes prevails in the supervision of day-to-
day operations. Some supervisors inadvertently seem to
feel that they are able to maintain their power and
authority only by displaying a position of autocratic
domination, typifiel by a constantly critical attitude
toward subordinates and an unwillingness to accept in-
dependently made suggestions, which, in some way, are
always considered by them to be a reflection on their
omnipotence and omniscience.

On the contrary, it is the proper duty of a supervisor,
both in his planning of the organization and in his daily
supervision of its operations to maintain constantly an
attitude of helpfulness. It is his job to help his subordi-
nates to accomplish the objectives which he has previ-
ously set out for them in a general way. Such assistance
can generally best be rendered by maintaining an open-
minded attitude, accepting suggestions made, if they
are valid, and taking whatever co-ordinating action may
appear to be necessary to place them in affect. If recom-
mendations do not appear to be valid, the supervisor
needs to explain their shortcomings carefully to the
subordinate, so that he understands the reasons why
they are not considered acceptable, and will therefore
be in a position to act correctly in future cases. With
proper job training of this kind, an organization can
eventually practically be made to run itself, to the ex-
tent that the supervisor has nothing left to do but take
care of replacements and advancements, and shoot
trouble. Under these conditions, he may be accused of
being merely a rubber stamp; nevertheless, it is a for-
tunate supervisor who is able to have at his command a
smoothly running organization of this kind and he can
well afford to overlook such jibes, with the consciousness
that actually he was the one who, through his liberal
policies, brought about this salutary result.

2. Delegate Responsibility to the Lowest Level Which
Can Iandle It

The abilities of low levels of management frequently
surprise those at the top, who have, perhaps, had the
feeling that if they, personally, do not do a job, it will
not be done right. There is no reason why the supervisor
in the lowest level should not be given a description of
the fields in which he is expected to function, and then
given latitude to function independently within the
boundaries of his assigned responsibility. Management
must then be prepared in accordance with (1) above, to
furnish him with all the information and help he needs
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to discharge these responsibilities satisfactorily. Only in
this way can the organization make full use of the
capabilities of its employees of supervisory caliber. Fre-
quently, in a growing organization, a supervisor who
has been accustomed to performing his own detail work,
continues to do it after he has reached a high position in
the mandgement. The only result is to create a bottle-
neck at the high supervisor's level, and to deprive lower
levels of the freedom needed to function efficiently.

3. Delegate Authority Along with Responsibility

The spectacle of the hapless supervisor who is loaded
down with responsibility for results, but given no au-
thority to achieve them, is all too prevalent. Such a
situation may come about either through a failure of
management to define the status of the supervisor in
the organization, or through the retention by manage-
ment of discretionary powers needed by the supervisor
for the discharge of his duties. For example, a super-
visor may be held accountable for production, but the
procurement of the ordinary tools which he needs to
achieve that production may require approval by man-
agement and be withheld. Such weasel-worded assign-
ment of authority achieves nothing but resentment.
When a supervisor is given a responsibility, his position
in the organization should be made clear to his sub-
ordinates, his colleagues, and his superiors, and le
should be given the authority to act, and the authority
to procure means for accomplishing his objectives,
within financial limitations which can as well be admin-
istered by himself as by the top levels of management.

4. Establish Working Practices Needed to Make the
Organization Function Properly and to Maintain
Reasonable Control over Expenses, and Only Such
Rules and Regulations

Aside from the obvious requirement that rules are
required to discharge contractual and financial re-
sponsibilities, the proper test of a working practice is
“does it help the worker to function effectively?” If the
answer is “no,” the practice should not be adopted.
Moreover, this rule must be interpreted with judgment.
We might say, for example, that the establishment of a
highly specialized service department might not only
save money, but also help the worker by relieving him of
detailed work which he had been performing himself.
Ordinarily this would certainly be true, and working
practices designed for co-ordinating operating activities
with such a department are the very kind of working
practices which are well justified in an organization. But
if the service department becomes so extensive and so
organized within itself that it can be reached only by
going through levels clear up to the top of the organiza-
tion and back down again, the paper work may become
so overwhelming that it actually may be questionable
whether the service department and its practices are a
help or a hindrance to the operating department.
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A second consideration has to do with what consti-
tutes “proper” functioning of an organization. No organ-
ization can ever be made to function perfectly, an‘d any
attempt to make it do so will inevitably result in the
establishment of an excessively elaborate Stl‘l:lCtUl'e of
procedures not worth the cost of administration. Pro-
cedures should not be written solely for the purpose of
avoiding minor errors which might be expected to occur
with negligibly small frequency. For example, an ac-
counting practice requiring detailed accountability for
every screw and nut used in an assembly might elimi-
nate the occasional loss of a few screws and nuts, but
would certainly not justify the expense of its own main-
tenance. Almost any executive in an enterprise of long
standing will, if he examines his practices, he amazed to
find how many of his records and procedures, estab-
lished over the years, were really set up with the objec-
tive of providing safeguards against unimportant con-
tingencies having a negligible probability of occurrence.
Obviously, such practices merely produce unnecessary
rigidity and add to the cost of administration without
achieving any worth-while result.

On the other hand, it is highly essential that enough
working practices of general scope be set up to make the
organizational machine run smoothly. Such practices
should cover in detail those co-ordinating operations
which are known to be performed frequently. Assuming
the availability of able, intelligent workers, it would be
possible, of course, to let each individual improvise his
own routines as the occasion arose; such improvised
routines, however, may be expected to be only partially
satisfactory, since even the most fertile imagination
cannot anticipate all of the consequences of a relatively
insignificant act affecting several parts of an organiza-
tion. The only true test of a procedure is the success of
its application, and success rarely comes the first time.
Intelligently balanced routines are truly a help and
time-saver to all concerned, including the rugged indi-
vidualist, who might, at first, be inclined to play by ear.

5. Adapt the Working Practices to Fit the Require-
ments of the Type of Workers to Whom They Are
Intended to Apply

On the basis of suggestion 4, detailed working prac-
tices may legitimately be quite restrictive, because some
of the routine workers really need full and complete in-
structions to function effectively. But practices intended
for observance by supervisory levels, such as interde-
partmental co-ordinating routines. should be examined
carefully for undue restrictiveness before approval. As a
corollary, no routines should be adopted solely for the
sake of discipline; they should stand on their own feet
as a desirable and necessary organizational tool or
should not be established at all. There may be a tend-
ency in an organization to attach too much importance
to ritual, and to consicler that it is good merely because
it is ritual; this attitude should be avoided.
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6. Assign Routine Workers to Routine Jobs: Assign
Workers Having Supervisory Abilities to Supervis-
ory Jobs

This principle, difficult as it may be to observe in
practice, is the key to the problem of creating an organ-
ization in which routine workers and individualists can
both function with ease and efficiency. The routine tasks
of the organization, of which there are necessarily many,
should be performed by employees having abilities for
this sort of work, and having the sort of mental outlook
which enables them to feel at ease in it. On the other
hand, assuming satisfactory abilities, no employee of
supervisory caliber should be permitted to remain long
in a routine position. This will, of course, entail the
exercise of judgment in hiring new employees; no more
supervisory employees should be hired than can be
accommodated easily in the proposed organization.

APPLICATIONS

Having formulated these general principles, which, if
they are valid at all, appear to be applicable to any sort
of organization, it would now seem proper to determine
just how they should be applied to the organization of
research. The answer is simple: they should be applied
just as they would be applied in any industrial organ-
ization. The only difference between the two lies in the
caliber of their personnel. In a research organization, by
the very nature of the activity, there must be more in-
dividualists than in a production enterprise. The scien-
tists themselves must be treated as supervisors, which,
in effect, they are, both from the standpoint of their
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abilities and qualifications, and in the sense that they
do direct the activities of technicians in the groups. In a
research organization, most of the operating practices
will therefore be of the liberal type intended for applica-
tion by supervisory personnel, and there will be rela-
tively fewer practices, even of this type, than in an
industrial organization. More responsibility will be dele-
gated, and management will be particularly careful to
avoid dictatorial attitudes, and to dispose the available
qualified personnel in positions of responsibility, insofar
as possible. In fact, in many cases, it will actually be
desirable to modify specific job requirements in order
to suit the wishes and qualifications of individual mem-
bers of the staff and enable them to work easily in the
positions created for them.

In short, while it should indubitably be the prime
function of management in any line of endeavor, to
create, by means of its organizational planning and its
day-to-day operation of the business, an atmosphere
which encourages enthusiasm and voluntary industri-
ousness on the part of all itsemployees, the opportunity,
to achieve satisfactory results by these means is par-
ticularly available to a research enterprise, by virtue of
the caliber of its personnel. On the other hand, if ad-
vantage is-not taken of this opportunity, a research
enterprise is for the same reason particularly susceptible
to failure. It may be hoped that through the exercise of
these principles, a concern engaged in research and de-
velopment may be made to produce not only important
scientific results, an end in itself to many of its person-
nel, but also a sound and sustained profit record.

Experimental Radio-Telephone Service

for Train Passengers”
NEWTON MONKTY, SENIOR MEMBER, IRE

This paper is published with the approval of the IRE Professional Group on Vehicular Com-
munications, and has been secured through the co-operation of that Group.—The Editor.

Summary—Experimental public radio-telephone service fortrain
passengers was inaugurated by the Bell Telephone System several
years ago. Initial installations operated in conjunction with a series of
urban mobile base stations. More recently, highway mobile systems
have been used for this service, and this paper describes a typical

INTRODUCTION

OMMUNICATION with moving trains is not
new. The use of radio for this purpose has been
the subject of investigation for many years, and

* Decimal classification: R533. Original manuscript received by
the Institute, March 3, 1951. Presented at the National Meeting of
the IRE Professional Group on Vehicular Communications, Detroit,
Mich., November 3, 1950.

t Bell Telephone Laboratories, Inc., 463 West Street, New York,
New York.

train installation operating through a highway channel. All of these
early systems utilized an attendant on the train. The cost of provid-
ing an attendant has, in some cases, been found excessive. Conse-
quently, experiments have been initiated in which a coin box is used
on the train. The arrangements for this purpose are also described.

many railroads in the United States use radio communi-
cation for promoting safety and expediting operations.
Telephone service for passengers has not received
such intensive development. However, in 1929 the
Canadian National Railways experimented with a serv-
ice of this type, using the inductive system, between
Toronto and Montreal. About the same time, the Ger-
mans inaugurated a similar system between Berlin and
Hamburg. While these systems functioned reasonably
well, they were soon abandoned for economic reasons.
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During the past 25 years, the Bell System has co-
operated with the railroads in an effort to find a solu-
tion to this problem. It was not, however, until the
introduction of general mobile telephone service that
it became practical to establish an experimental radio-
telephone service for train passangers. In August, 1947
such a service was introduced for the first time on sev-
eral trains of the Baltimore and Ohio and Pennsylvania
Railroads, operating between New York and Washing-
ton. This was followed by installations on the New York
Central and the New York, New llaven, and Hartford
Railroads, and later on the Southern Pacific between
Los Angeles and San Francisco.

All of these systems utilized a train attendant fur-
nished by the railroad. Experience has indicated that
the cost of providing such an attendant is excessive. Con-
sequently, experiments have recently been initiated in
which a coin-box telephone is used instead. One such
experimental installation was made on the Congres-
sional Limited of the Pennsylvania Railroad in the early
part of 1950, and recently the telephones on two cars
of the New Haven Railroad were converted from at-
tended to coin-box operation.

The original installation between New York and
Washington operated through four urban mobile sys-
tems which had already been established in four of the
principal cities along the route of the trains. These urban
systems are individual systems not co-ordinated with
each other. All, however, operate in the same frequency
range, thus making a more or less continuous system
possible. Such an arrangement, obviously, can be em-
ployed only where there are a series of urban mobile
systems along the railroad line.

Besides the urban mobile systems, the Bell System
operates a considerable number of highway mobile sys-
tems designed to provide service to trucks and to other
vehicles moving along a highway. These systems may
also be used to provide a train service where the high-
way system roughly parallels the railroad right of way.
Most of the later train passenger systems were estab-
lished to operate in conjunction with highway systems.

The New York-Washington service was described in
a paper presented by Monk and Wright at the March,
1948 National Convention of the IRE and published
in the September, 1948 issue of the PROCEEDINGS OF
tHE I.R.E. This paper is, therefore, confined prin-
cipally to a description of the other services and, more
particularly, to that installed on the New York Central
Railroad between New York and Buffalo; the latter
may be taken as representative of a system operating
through a highway channel. Following this, the ar-
rangements employed to eliminate the attendant and
provide coin-box operation are described briefly.

CoMMON-CARRIER MOBILE SYSTEM

A common-carrier mobile system? consists of one or

1 H. I. Romnes and R. R. O'Connor, “General mobile telephone
system,” AIEE Trans., vol. 66, pp. 1658-1666; 1947.
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more fixed base transmitters, each radio transn.litter
having associated with it one or more radio receivers.
Each base transmitter and its associated receivers are.
connected by wire lines to a control terminal, at which
point the radio transmission in each direction is com-
bined and connected to the wire plant. The control ter-
minals are connected to mobile service operators’ posi-
tions at nearby toll switchboards, and a connection
from a land telephone is set up through the local central
office in the customary manner. Where only one base
transmitter is employed and the system covers a limited
area, such as an urban community, it is known as an
urban system. Where a number of base transmitters
and their associated receivers are arranged to provide
substantially continuous coverage to vehicles moving
along a relatively long highway, it is called a highway
system. A block diagram of a base transmitter, together
with its receivers and control terminal, is shown in Fig.
1. This figure also illustrates how a connection is made
to a land telephone.
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Fig. 1—Block diagram of general mobile station.

The arrangement shown may be considered to be the
base station of an urban system or one station of a high-
way system. The principal difference resides in the fre-
quencies employed. All urban systems operate in the
152 to 162-mc band, whereas the highway systems util-
ize frequencies between 30 and 44 mc.

There is another essential difference: In a highway
system it is desirable that the service area for the several
stations overlap. Since all stations use the same fre-
quency, unless proper precautions are taken, interfer-
ence may result when a mobile unit is operated in these
overlapping areas and two adjacent base transmitters
are in operation. Accordingly, the base stations of a
highway system are co-ordinated by wire circuits, and
operating practices are set up which prevent a vehicle in
an area of overlapping transmission from obtaining
transmission from more than one station at a time.

OVER-ALL SYSTEM ASPECTS OF THE TRAIN SERVICE

A map showing the route of the New York Central
Railroad between New York and Buffalo and the loca-
tion of the base radio stations associated with the New
York-Buffalo highway system is indicated in Fig. 2. It
will be noted that the railroad route is covered by nine
base transmitters and approximately twelve associated
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base receivers. These are used for the train service. The
transmitters employed frequency modulation and are
rated at 250-watts output. In the particular installation
described, each base-station transmitter employs a fre-
quency of 35.66 mc and the base receivers accept a fre-
quency of 43.66 mc from the mobile units.

Basically, the equipment on the train is similar to that
on an automobile and the same type of radio transmit-
ters and receivers are employed. There are, however,
important differences. Special antennas to meet railroad
clearance requirements are necessary. Arrangements are
employed whereby the push-to-talk feature generally
used in automobiles is eliminated. Also, arrangements
are included to permit operation of the equipment by an
attendant who must know the train’s exact location
and who is familiar with the general layout of the
system.
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CONNECTION TO TELEPHONE NETWORK

As previously explained, the transmissions to and
from the mobile unit are combined and connected to the
land lines in the control terminal. A schematic diagram
of a control terminal as used in the railroad service is
shown in Fig. 3. The terminal includes a conventional
hybrid coil with a pad, amplifier, and vogad? in the
transmitting branch of the circuit. The vogad operates
to produce, within limits, full modulation of the radio
transmitter at all times, regardless of the speech volumes
applied to its input. In the receiving branch of the cir-
cuit there is an amplifier, noise reducer,’ and a pad for
adjusting the incoming speech levels. Signaling oscil-

2§, B. Wright, S. Doba, and A. C. Dickieson, “A vogad for
rz;dio-telephone circuits,” Proc. IRE, vol. 27, pp. 254-257; April,
1939.

3'C. C. Taylor, “Radio-telephone noise reduction by voice control
at receiver,” Elec. Eng., vol. 56, pp. 971-974; August, 1937.
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lators for generating the tones used for selective calling
are included as a part of the control terminal and are
connected to the transmitting wire line at the output of
the vogad, as indicated. Certain other miscellaneous
equipment units for checking the frequency of the
transmitter and monitoring transmission are also in-
cluded, but for simplicity are not shown in the figure.
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Fig. 3-—~Mob|le-system control terminal.

OPERATOR

Associated with the hybrid coil is a compromise bal-
ancing network which allows sufficient transmission
from the receiving branch to pass across the hybrid coil
to the transmitting branch to permit re-radiation for
busy indications and for making calls between two
push-to-talk mobile units. At the same time it mini-
mizes the transmission trainward of noise which might
appear at the output of the base receivers. This is par-
ticularly important in the case of duplex operation since
the carrier from the mobile unit is being radiated at all
times during a call and the base receiver is not
“squelched” when the mobile customer is listening. The
purpose of the noise reducer is to effect a further reduc-
tion in incoming noise. This device operates to diminish
the noise in the intervals between speech sounds, and is
particularly effective in improving transmission train-
ward when a low-volume talker is on the land end of
the connection and the vogad gain is high.

DESCRIPTION OF TRAIN INSTALLATION

In the ordinary mobile units employed with either
the urban or highway systems a push-to-talk arrange-
ment is used, whereby the mobile transmitter is dis-
abled during incoming transmission. It was not thought
that such an arrangement would be satisfactory for
general public usage, and the train installations have,
accordingly, been engineered to operate on a duplex
basis so that the telephone may be used in the ordinary
manner. This is accomplished by providing separate
transmitting and receiving antennas and by operating
the mobile transmitter and receiver simultaneously in-
stead of sequentially.

A train installation, including two antennas, two radio
transmitters, two radio receivers, a relay panel, a power-
distribution panel, an attendant’s control unit, two tele-
phone sets, and suitable interunit cabling, is illustrated
schematically in Fig. 4. At the frequencies employed
there is sufficient loss in the air path between the two
antennas to permit simultaneous operation of the radio
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transmitter and receiver without densensitizing the
radio receiver. Consequently, no filter, such as that
found necessary in the 152 to 162-mc installations, is

required.
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Fig. 4—Schematic diagram to 30 to 44-mc train installation.

For clearance reasons it is necessary to use an an-
tenna whose vertical height is limited to not much over
14 inches. It is also desirable that the antenna be
sufficiently rigid to provide a handhold for a man. In
addition, all external portions of the antenna must be
solidly grounded to the car roof for protection purposes.
To meet these and other requirements a special antenna
for railroad use in the 30 to 44-mc band was designed
by the Bell Telephone Laboratories.* A photograph of
this antenna is shown in Fig. 5. It consists of three ele-
ments, each of which is 11} inches high and are ex-
tended-and folded over in the horizontal plane to form a
folded inverted L. A trombone section is incorporated
in the horizontal elements to tune the antenna. The
horizontal section of the transmitting antenna (35.66
mc) is approximatély 55 inches in length and that of
the receiving antenna (43.66 mc) approximately 70
inches. The inside element of the antenna is connected

Fig. 5—30 to 44-mc railroad antenna.

¢ W. C. Babcock, “Mobile radio antennas for railroads,” Beli
Lab. Rec., vol. 28, pp. 172-175; May, 1949.
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Fig. 6—Antenna installed on train.

to the inner conductor of the coaxial cable lead-in and
the two other elements are solidly connected to ground.
The antenna has an impedance of approximately 70
ohms, and tests have indicated that the over-all radia-
tion efficiency is about 1.5 db down with respect to a
quarter-wave whip. A photograph of one of these an-
tennas installed on a train is shown in Fig. 6.

The radio equipment proper consists of two Western
Electric 39B Radio Transmitters and two 39A Radio
Receivers. This equipment is the same type used in
automobiles associated with the highway systems. Each
transmitter and receiver operates from a 12-volt source.
The transmitter has a radio frequency output of about
30 watts and the receiver has a sensitivity of about 1
microvolt. One transmitter and one receiver are paired
to operate together as are the other transmitter and re-
ceiver. Two sets of equipment are employed in the ex-
perimental installations. This provides a flexible ar-
rangement as the second set may be arranged to operate
on a different frequency if found desirable at a later
date. In the meantime it is available as a spare.

The equipment on the train is controlled by means
of an attendant’s control unit which is located at an
attendant’s position in the club car. Associated with
the control unit is a relay panel which is mounted with
the radio equipment and contains the various relays
required for remotely operating the equipment from the
attendant’s control unit. A photograph of the attend-
ant's position is shown in Fig. 7. It shows the control
unit in position and attendant’s telephone set.

Both the attendant’s and passenger’s telephone sets
are standard Bell System wall type sets, suitably modi-
fied for 4-wire operation. Two small bells, one associated
with each radio receiver output, are mounted in the
attendant’s telephone to indicate incoming calls. The
passenger’s telephone is mounted in a small sound-
treated booth or compartment to reduce room noise
and insure privacy. This telephone contains a buzzer
which may be operated by the attendant. Connections
between the relay panel and the control unit and be-
tween the control unit and the two telephones are ef-

Monk: Radio-Telephone Service for Trains

8717

Fig. 7—Attendant’s position on the 20th Century Limited.

fected by means of standard multiconductor, interior
wiring cables.

Fig. 8 shows the attendant’s control unit in more de-
tail. It includes a lock-type power off-on switch and the
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Fig. 8—Attendant’s control unit.

necessary lamps and controls for operating the equip-
ment. One important control is the button at the lower
left corner of the unit. When momentarily depressed,
this button energizes the transmitter, which is then

Fig. 9—Relay panel,
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locked on under control of the attendant’s and passen-
ger's telephone switchhooks so that both handsets must
be hung up to turn the transmitter off.

A photograph of the relay panel is shown in Fig. 9. It
will be noted that all connections to the panel are made
by means of plug-in connectors so that the complete
unit may be readily removed and replaced should
trouble develop in it.

The 12-volt supply is connected to the radio equip-
ment through a power switch and fusetrons, both of
which are mounted on the power-distribution panel. A

Fig. 10—Power panel.

photograph of this panel is shown in Fig. 10. Here
again, external connections are made by means of plug-
in connectors for ready replacement of the panel. An
interesting feature of this panel is the utility connector
in the lower right-hand corner. This provides a means
for picking up the 12-volt supply for a trouble lamp or
soldering iron.

Primary power for the radio sets and miscellaneous
equipment is obtained from the battery on the car
which normally supplies power for the lights and other
electrical equipment. This battery is usually 32 or 64
volts. Since the radio equipment operates from a source
of 12 volts, arrangements must be provided to obtain
this voltage. These arrangements are supplied by the
railroad, and three schemes were experimented with.

In the original installations on the Pennsylvania Rail-
road two 12-volt batteries were added. These were ar-
ranged so that at any given time one was connected to
the radio equipment and the other to the 32-volt car
battery for charging through suitable voltage dropping
and regulating equipment. Thus, one battery was used
while the other was on charge. At the end of each run
the batteries were interchanged. Because of the heavy
drain of the radio equipment this arrangement did not
work out too satisfactorily.

For the New York Central a somewhat different ar-
rangement was used. In this case a single 12-volt bat-
tery was installed for the radio equipment. This battery
is charged from the car battery, which in this case is a
64-volt battery, through a vibrator, transformer, and
rectifier. The 12-volt battery is trickle-charged at all
times except when the radio transmitter is in operation.
At such times the charging rate is increased, and this
high rate is maintained until the battery voltage is re-
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stored to normal. This arrangement has proved reason-
ably satisfactory.

Experiments have also been made with motor gener-
ator sets operating from 32 volts with 12-volts dc out-
put. Since the 32-volt battery fluctuates from some 24
to 40 volts, a high degree of regulation was required
for these machines. To date their operation has been
quite satisfactory even though they do require a cer-
tain amount of maintenance.

All of the equipment, except the telephone sets and
attendant’s control unit, is mounted in a small cabinet
provided with forced ventilation and arranged so that
the equipment is readily accessible for maintenance
purposes. No shock mounting is provided for the radio
equipment. The arrangement of the apparatus in one
of the New Haven cars, is indicated in Fig. 11, This
photograph shows only the lower part of the appa-
ratus cabinet and one radio transmitter and receiver.
The second transmitter and receiver are mounted di-
rectly above those shown on the two additional shelves.

Fig. 11—Radio equipment installed on train.

MAINTENANCE

In the design of the arrangements employed on the
trains every effort was made to utilize, insofar as pos-
sible, the same equipment as is used on automobiles as-
sociated with the highway system and to make all units
readily replaceable. At night the trains lay over at the
terminals and minor repairs are effected by skilled
telephone-company repairmen. Defective units are re-
placed and sent to repair shops provided by telephone
companies for servicing automobile equipments.

An interesting result of the train service has been its
effect on system maintenance. The repetitive daily
movements of the railroad cars permit frequent com-
parisons of transmission in the same geographical loca-
tions. In this way system abnormalities and land-station

o
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troubles are more readily apparent to the operating
forces than when calls are made from random spots at
random times. As a result the train service has proved
of considerable value in over-all system maintenance.

RADIO-TRANSMISSION CONSIDERATIONS

When this project was initiated, tests were made in
co-operation with the railroad to determine whether ade-
quate coverage could be obtained from the existing high-
way system. During these tests occasional noise, fade
outs, and flutter were noted, but, in general, transmis-
sion considered to be at least commercial was obtained
over practically the entire route. Two additional base
receivers were, however, found to be necessary.

With the new base-station equipment in operation
and the final installations on the railroad cars completed,
further tests were made to check the operation of the
equipment and to determine definitely the boundaries
of transmission from the various base stations for the
use of the train attendants. Results of these final cover-
age tests are shown in Fig. 12. This figure shows the
coverage, based on satisfactory transmission both train-
ward and landward, along the railroad from each high-
way station. In general, the coverage from adjacent
base stations overlaps, or is contiguous, and depends
primarily upon the location of the base stations with
respect to the railroad right of way, the terrain in-
volved, and the local noise conditions.
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Fig. 12—Two-way coverage Letween New York and Buffalo.

An interesting feature, noted in the preliminary tests,
was a type of relatively high received noise which was
not experienced to any extent in previous tests in the
152 to 162-mc band. This noise occurs only under the
following three conditions:

1. The train transmitter must be on the air.

2. The train must be in motion (or another train

passing close by).

3. The train must be in an area of low received signal
where the receiver is working with substantially
full gain.

An investigation of this noise indicated that it was
similar to a type of noise termed “stay noise” since it
was first observed on ship installations and traced to
the movement of the stays. The stay noise is created
locally and is probably caused by the movement of me-
tallic contacts and joints in the presence of the strong
radio frequency field near the mobile transmitter. These
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moving parts became small generators which create
noise over a wide band of frequencies, including those
accepted by the receiver of the mobile unit. Measure-
ments of stay noise indicated that it is approximately
25 db above set noise. It is not present on mobile units
employing push-to-talk operation in which the trans-
mitter is not energized during periods of reception.

Coin-Box OPERATION

Experience with attended train telephone installa-
tions on a number of railroads has indicated that the
service fills a need and that it is generally satisfactory
to the traveling public. The expenses of the attendant
are, however, a major item in the cost to the railroad
providing the service. Accordingly, experiments have
been initiated utilizing coin-box telephones on the
trains. One of these is being conducted on the two Con-
gressional Limited trains of the Pennsylvania Railroad,
one train running in each direction daily between New
York and Washington. Service on these trains was orig-
inally established on an attended basis, and the instal-
lations are thus in the nature of a conversion of existing
equipment rather than new installations.

The service between New York and Washington is
operated through four urban mobile base stations and is
not continuous, there being gaps in coverage between
the several radio stations. From the viewpoint of service
this is not desirable; however, advantage was taken of
it in this particular installation since it permits control
tones, which can be picked up and utilized on the train
without co-channel interference, to be radiated from the
base-station transmitters.

The system employed on the Congressional Limited
functions as follows: A control tone of 4,100 cycles is
arranged to be modulated on the carrier and transmitted
continuously from each base station during the period
the train is in range of that station. However, if the
radio channel is busy, the 4,100-cycle modulation is
removed. The 4,100-cycle control tone is received on
the train in the regular radio receiver and compared
with the received noise. If the tone-to-noise ratio ex-
ceeds a predetermined value, a lamp called the “service
available lamp” i1s lighted on the train. If the tone-to-
noise ratio is below this value or no tone is being re-
ceived, the service-available lamp will not light. If the
service available lamp is lighted, the circuit is so ar-
ranged that, when a customer removes the telephone
handset from its switchhook, the mobile transmitter is
energized and remains so until the telephone handset is
replaced. If the service available lamp is not lighted, the
customer, upon removing the handset, hears a busy tone
which is generated locally on the train.

The telephone set employed is a standard Bell System
coin collector, modified for 4-wire operation and ar-
ranged for postpayment operation with no provision for
refunding coins. While arrangements for doing this have
been devised, it was felt that, for experimentation, the
additional complications would not be warranted.
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When a customer desires to make a call, he first ob-
serves whether the service available lamp is lighted. If
it is, he removes the handset from the hook and con-
tacts the operator. When the operator has his party on
the line, she requests the customer to deposit the
charges, whereupon she completes the connection. If he
talks overtime, it is necessary for the operator to ring
him back and request the additional money.

The arrangement of the equipment on the train is
skown schematically in Fig. 13. The figure shows the
two antennas with their coaxial cable lead-ins and, in
this case, a single radio transmitter and receiver. A co-
axial stub filter is included in the lead-in to the receiver
since, in this case, the installation operates in the 152
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Fig. 13—Schematic diagram of coin-box installation
on Congressional Limited.

to 162-mc range. The control equipment, which con-
tains the tone-to-noise ratio circuit and the several
relays required, together with the busy tone generator, is
indicated below the radio receiver. Underneath this unit
1s the power panel on which are mounted a power switch
and fusetrons for protecting the radio equipment. To the
right is the coin-box telephone and its associated bell
box. Actually, there are two service available lights
which operate in parallel. One of these is located directly
above the coin box and the other outside of the tele-
phone booth where it is visible to anyone in the car.

Fig. 14—Coin-box installation on Congressional Limited.
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Fig. 14 shows a photograph of the installation as seen
from the interior of the car. In the right foreground is
the equipment cabinet. Immediately behind this are the
telephone directories, located in the compartment
formerly used by the attendant. Just beyond is the
customer’s booth with the service available lamp over
the door and extending outward into the aisle.

The telephone booth is shown in Fig. 15. This photo-
graph shows the coin-box telephore with the small
service available lamp located directly above it and in-
structions for operating the telephone conveniently
mounted for the benefit of the customer. Below the
telephone is a writing shelf. A chair, not visible in the
photograph, is also provided.

v

Fig. 15—Interior of telephone booth.

Besides the installations on the Congressional Limited
two other coin-box installations have recently been
made on the New Haven Railroad. In this case, a some-
what different arrangement is employed since the New
Haven trains operate through a highway mobile system
in which the transmission ranges of the several stations
in the highway system overlap. Thus, the arrangement
using control tones as employed in the Pennsylvania
Railroad system could not be used. Instead, a very
simple arrangement was devised in which the entire
burden of operation is placed on the customer and the
mobile service operator. No control tones or service
available lamps are used. The customer determines by
listening, whether or not the circuit is idle.

The operation of this system is as follows: To initiate
a call from the train the customer first removes the
handset from the switchhook and listens on the radio
channel. If it is busy, he replaces the handset and tries
again after a suitable interval has elapsed. If, on the
other hand, he finds the channel idle, he momentarily
depresses a “start-transmitter” button. This energizes
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the radio transmitter, sends out a carrier from the
mobile unit, and brings in the mobile service operator.
After the called party is on the line and the proper
charges are deposited in the coin box, the operator com-
pletes the connection. At the conclusion of the call,
when the customer hangs up, the radio transmitter is
turned off and the equipment restored to normal.

CONCLUSION

Experiments so far have indicated that radio trans-
mission between moving trains and Bell System mobile
facilities along rail routes is generally satisfactory for
public telephone service. A number of installations re-
quiring an attendant on the train for their operation
have been made. The public reaction to these installa-
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tions has been favorable, but the railroads have found
the cost of an attendant burdensome. Experiments us-
ing coin-box operation to eliminate the attendant are
under way, and this method appears promising.

It should be noted, however, that a train telephone
service of the type described, using either urban or high-
way channels, requires base-station equipment suitably
located along the route of the railroad and a radio chan-
nel capable of handling the additional traffic. At the
present time neither of these requirements is met for
most of the railroad mileage in the United States. It ap-
pears, therefore, that provision of train passenger serv-
ice on any extended scale will be dependent upon the
availability of frequencies and the addition of the nec-
essary base-station equipment.

Seven-l.eague Oscillator®

F. B. ANDERSONY, SENIOR MEMBER, IRE

Summary—A bridge-type RC oscillator is described which is
continuously adjustable over a frequency range of 20 ¢ps to 3 mc in
one sweep of a two-gang linear potentiometer control. Tracking re-
quirements of the two-gang control are not severe. The output is
available in four phases, and the frequency is an approximately
logarithmic function of the linear potentiometer setting. Practical
limits of the frequency range are tentatively 0.01 c¢ps and 10 mc.
Accuracy of setting of the order of one per cent is attainable with
ordinary components. Frequency stability is of the order of 2 per cent
per db of tube gain variation.

ERETOFORE a continuous sweep of a wide fre-
H quency range with a single oscillator control has
beén difficult to realize. Frequency bands of 3 to

1 ratio are obtainable with fixed-inductance variable-
capacitance tuned oscillators for a 9 to 1 variation of
capacitance. Still wider ranges are available with
variable inductor tuning, and with variable resistance-
capacitance tuning in configurations such as Wien
bridges,* bridged-T circuits’ and double-T circuits.®
Continuous ranges of perhaps 1,000 to 1 may hbe ob-
tained with variation of both resistance and capacity.
Still other methods of achieving wide frequency ranges
have been presented in different types of phase-shift
oscillators. 4

The heterodyne type of oscillator alone has been
capable of frequency variation from the order of 1 cps
or less to 1 mc or more in one continuous sweep. Because

* Decimal classification: R355.914.3 X R355.911.5. Original man-
uscript received by the Institute, March 16, 1950; revised manuscript
received, October 26, 1950

t Bell Telephone Laboratories, Inc., New York, N. Y.

94‘2W. R. Hewlett, United States Patent No. 2,268,872, January 6,
1942.

2 P, G. Sulzer, “Wide-range RC oscillator,” Electronics, vol. 23,
p. 88; S2ptember, 1950.

s H. H. Scott, “A new type of selective circuit and some applica-
tions,” Proc. I.R.E., vol. 26, pp. 226-235; February, 1938.

+ G. Willoner and F. Tihelka, “A phase-shift oscillator with wide-
range lunini," Proc. I.R.E., vol. 36, ﬂ') 1096; September, 1948.

¢ M. E. Ames, “Wide-range deviable oscillator,” Electronics, vol.
22, p. 96; May, 1949.

the output frequency at the low end of the range de-
pends on the small difference of two large quantities,
the stability is poor at low frequencies. Low frequency
outputs also require elaborate precautions to prevent
locking into step of the beating oscillators.

A considerable simplification of control and extreme
widening of the frequency-band ratio is possible with a
two-bridge circuit, in which three arms of each bridge
may be resistive and the fourth arms are RC combina-
tions capable of covering about four octaves for each
two pairs of elements included, one pair in each bridge.
Such bridges are readily designed to provide a nearly
constant transmission at the desired frequency settings
over wide ranges of adjustment. The frequency range is
limited mainly by the tube gain available.

A simple version of an oscillator based on such
bridges is shown in Fig. 1. Tke RC arms are shown as
made up of two sections in series, but may be extended

ouTPUT
PHASE | PHASE 2
Pl s s iy

E2s
=

—-

WAA

it
Nt
—~

AN

PN l ]‘ »

» 1Y)

< v
2 i
5 |

GANGED POTENTIOMETER
FREQUENCY CONTROL

|

i

Fig. 1—Basic wide-range variable oscillator.

to eight or ten sections each to provide frequency ranges
of a hillion or more extreme ratio.
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Tuning is accomplished by adjustment of the two-
gang potentiometer. T'wo outputs are shown, which are
substantially in quadrature.

Fig. 2 shows a schematic of an oscillator which covers
a tuning range of 20 cps to 3 mc. This is a simplified
preliminary model. The RC networks shown in the
bridges have six sections. The bridges shown are alike;
it is not essential nor even desirable that both bridges
be alike, as will be shown later.

The thermistor shunted across the second bridge n
the plate circuit of tube V1 serves to limit the oscilla-
tion amplitude. The thermistor and RC network in the
output circuit of tube V4 provide additional regulation
of the output to a power amplifier.

A resistance potentiometer across the plate voltage
supply provides a positive bias to the tube grids in order
to permit large resistances in the cathode returns to im-
prove frequency stability.

Fig. 3 shows the dial calibration of the oscillator of
Fig. 2. The measured points oscillate slightly about a
semilogarithmic asymptote over the low frequency
range. The deviation from the straight line asymptote
at high frequency is caused by parasitic capacitance, but
it serves to spread out this part of the range somewhat.

PRINCIPLE OF OSCILLATOR

The oscillator is based on the dissymmetrical bridge
of Fig. 4. Three arms of the bridge are resistive. The
fourth arm is composed of an RC network which pro-
vides over the whole frequency range a nearly constant
reactive component of transmission to the output of the
bridge. The resistive component of transmission through
the RC network varies with frequency, and is balanced
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Fig. 3—Dial calibration.

at the desired frequency of oscillation with equal resis-
tive component from adjustable arms on the other side
of the bridge. This leaves only the reactive com-
ponent at the frequency of oscillation. Ninety-degree
phase shift between bridge input and output results.
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) Fig. 4—A type of bridge useful in an oscillator,

ouTPUT
EQUALIZER °
_ A
n= Mecgrw RC NETWORK R RC 2
K = 1000 T 83 g Se M
62¥ 47f ar0f 4 . NET" a1
o2 oo , 0¥ 4300 0.03MF work | <%
R °§ 75K L{ T3
3 = < 21A
v < 82
¥ 620% 1800 3K 5600% 15K [ | | 85 §2 ouTPoT
; & g’
0ISMF | 10K AT
L = 2 —AA— f-- 10 Power
164f AMPLIFIER
—
RC . 1
NET- v 2
WORK NET- xQ
eNas o WoRK 0%
GANGED 25
9100 T O
X x Ouy
= @ I>
T TE
<3
&3
. <
o
=4
g2 3
1N
aLx
2t
135
[— N~~_.GRID BIAS
+

125MF =

4~ POTENTIOMETER
27K

Fig. 2—Seven-league oscillator, 20 ¢ps-3 mc,




1951

The output of the bridge is split nearly equally be-
tween the grid and cathode of one tube, and the cathode
and grid of the other tube, because of the large cathode
coupling impedance employed. The outputs of the two
tubes are nearly equal, and of opposite phase. One out-
put of the required phase is connected to a second
bridge, which is adjusted along with the first by a gang
control, to provide a phase reversal and an additional
ninety-degree phase shift. One of the outputs from this
second bridge is fed back into the first bridge to com-
plete the oscillator loop. The two quadrature phase
shifts and the phase reversal provide the 360° or 0°
phase shift required at the frequency of oscillation. The
theory outlined is idealized, and can be approximated
well enough if attention is given the networks and
parasitics comprising a practical oscillator loop.

BRIDGE DESIGN

The design of the adjustable bridge is based on circle
diagrams of transmission through RC networks.

Fig. 5 shows a resistance R, tapped at aR and abR.
The portion (1—a)R is bridged with a capacitance C.
The transmission ratio is

.
v a+]>fﬂ 1
A S f;— where f. = Z—C—I—e(—lf—«-)—.
e ™ — a)a
1+jf

T (|-a)jo [
f =] 1
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abﬂg v | o

b d __L R £ '

Fig. 5—Transmission to a resistance through an RC network.

Equation (1) is of bilinear form, and gives rise to a
semicircular plot in the complex plane as in Fig. 5. The
semicircles have been shifted along the imaginary axis
to emphasize the scale factor b.

If the resistance aR is tapped at bR and the portion
a(1—b)R is bridged with a capacitance Cj, as in Fig. 6,
we have for the transmission ratio

b+4+j
U fc, 1
= ~ where £, = — -« (2)
v o 2rCiaR(1 — )b
147 ;

H

If the critical frequencies f. and f., are chosen so that
fe>fe, the transmission ratio for the combination of
Fig. 7 tends to approach the semicircle between ab and
b in the region near and below f,, and the semicircle be-
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tween b and 1 in the region near and above f.,. Between
fe and f., the transmission ratio swings gradually from
one semicircle to the other.
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Fig. 7—Transmission to a resistance through an RC network.

If f., is chosen such that f., =16/, more or less, the
transmission envelope will be a smoothly flowing en-
velope of the two semicircles of Fig. 7.

If the factors a and b are chosen so as to provide semi-
circles of equal diameters, the reactance component of
the over-all transmission will be nearly constant be-
tween f.and f.,.

Several RC combinations can be connected in series to
extend the frequency range as in Fig. 8. Design relations
for the RC network will be discussed later.

BRIOGE
OUTPUT

O

T

Fig. 8 —Output voltage from an adjustable bridge.

If a variable frequency voltage e is connected to the
RC network in Fig. 8, a voltage to be defined as Ne will
be developed across the shunt arm of network. The
reactive component of Ne will be nearly constant over a
wide band of frequencies.

If a variable control, such as a resistance potentiom-
eter, is connected to the same generator of voltage e,
a voltage to be defined as Pe will be developed between
the slider and the generator return. The control can be
adjusted to obtain a voltage Pe equal to the in-phase
component:of the voltage Ne at any desired frequency.




884

This adjustment will be different for every frequency.
At the frequency of in-phase component balance the
output voltage (Ne-Pe) will be only the reactive com-
ponent of Ne as in Fig. 9. This voltage is in quadrature
with e, and nearly constant over a wide range of po-
tentiometer settings at the corresponding frequencies of
balance.

Fig. 9—Output voltage from an adjustable bridge.

The output (Ne-Pe) will lead the applied voltage e
by an angle decreasing from 180° at zero frequency to
0° at infinite frequency. Over the range of potentiometer
settings between the extreme reactive peaks of the RC
network, the output (Ne-Pe) will be maximum for
zero frequency, reduce to a minimum in the region of
the 90° balance point, and increase toward another
maximum at infinite frequency. At settings well beyond
the extreme reactive peaks of the RC network, as for
fior fy, the bridge output will exhibit a single peak with
no dip to a minimum as in Fig. 10.
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Fig. 10—Output voltage from an adjustable bridge. (a) Typical
medium potentiometer setting. (b) Extreme potentiometer set-
tings.

The effect of parasitic capacitance will first be con-
sidered for the potentiometer. The transmission through

i 1-j ;i K (1-K)

(+-K)Rp i % = K fcz : - ...(3)
e kRp "C_s w(;c-) w2(1- K)
l___ __}_ fo= zrr%ﬁp

1] s A ."l tan 6
] 2 K = = A58
K 21 —7——;{.

®-0=arc tan[—f—cx(u-x)] on} £ YT 0]

Fig. 11—Transmission through a capacitance
bridged resistance potentiometer.
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the potentiometer side of the bridge is determined by
the tap k at low frequencies. At high frequencies the
parasitic capacitance C in Fig. 11 bridged on the slider
and its connected equipment changes the transmission
as indicated in (3).

/

| e B &
Jj.c( )

e 1+(/{->2k2(1—k)2

Equation (3) also gives rise to semicircle transmission
plots as in Figs. 11 and 12. The curves for several fre-
quency ratios f/f. are plotted in Fig. 12 by constructing
circles for k(1 —k)=0.25, 0.210S5, 0.177, 0.1485, and so
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Fig. 12—V /e voltage ratio diagram for resistance potentiometer
with capacitance between slider and ground.
forth- (1.5-db intervals) and plotting intercepts with
lines through the origin having slopes of these values.
These lines represent v/e transmission ratios having
phase angles

@ = arc tan[—

[

ff (1 — k):l.

Table I in the appendix shows corresponding values of
k and k(1—*%), over a range of four octaves, which are
useful in plotting the curves of Fig. 12.

The effect of parasitic capacitance on the resistance
arm connected to the RC network is considered next.
In the frequency range where this capacitance is effec-
tive, the reactances of all the RC network capacitances
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Fig. 13—Effect of parasitic capacitance on
shunt arm of RC network.
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but one, designated C, in Fig. 13, are negligible. The as-
sociated resistances may be considered short-circuited
for practical purposes. This leaves the resistances
ab---m(l—n)R and (ab---mn)R, bridged with
capacitance C, and the parasitic capacitance C,.

The capacitance C, across the resistance (ab - - - m)
(1 —n)R will form with C, a potentiometer of some loss
at infinite frequency, so that transmission will never be-
come unity. The transmission for these two RC sections
will be represented by (4), which is of the bilinear form,
indicating a semicircular locus.

v 1 +]wC,,R(ab - mn) @
e 1 +]w(C,. + C,,)R(l — n)(ab -
If the infinite frequency transmission is less than the dc
transmission, the semicircle swings below the real axis.

We can now consider the RC arm and the capacitance-
shunted resistance arm connected to it. In the extension
of the process used for Fig. 7 we aim to divide a re-
sistance R into the desired number of sections (n+41) as
in Fig. 14. The first section lies between the top end of
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Fig. 14—Relations between transmission and
elements of an RC network.

the resistance, at value R, and the tap, at value aR. The
second section lies between the taps at values aR and
abR. The last tap lies between the tap at value
(ab - - - mn)R and the bottom end of the resistance, at
value zero.

The first step is to lay down the semicircles required
for the desired RC network transmission. These semi-
circles may be equal, but, as shown later on, should be
tapered a bit.

The relations between the real axis intercepts of the
component semicircles, n, mn, and so forth, and the taps
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aR, abR, and so forth, are shown in Fig. 14. The inter-
cept p is set by trial, and may be readjusted if necessary
after the completion of a trial design. The ratio of the
two intercepts of the lowest frequency RC semicircle is
ab---mn/b-- - mnor a,of the next higher frequency
section is b, and so on. Equation (5) gives a convenient
method of evaluating the factors a, ab, and the like,
which is to divide all the semicircle intercepts into the
product (ab - - - mn), which may be set as desired

[ ab - - - mn 1 =)
ab mn—
ab - mn
Sl S AT
b---mn
(5)
ab - - -mn
L s !
n
ab - - -mn
L———=ab---mn
1 )
a b, ---,mn<l

The critical frequencies are chosen, by proportioning
of capacitances and resistances, to increase in geometric
ratio, as fe, 2%, 2%, 2%, - - - 2*"f.. The capacitance
values are determined by equating reactance at the
desired f. to the resistance facing the capacitance, as-
suming all lower frequency RC sections to be shorted to
a zero impedance generator, all higher frequency RC sec-
tions to be pure resistances.

The value of the lowest tap on the resistance R, at
value (ab - - - mnYR, should be in general less than the
reactance of the shunting capacitance C, at the highest
frequency of oscillation. It should be kept large enough
to sustain the gain required to overcome the bridge loss
at the highest frequency. The total resistance R is not
critical, and is determined by the values (ab - - - mn)R
and (ab - - - mn) selected. It should be, in general, large,
and may be set to fit with favorable values of capaci-
tances as well as can be done.

Because the RC system shunts the paralleled po-
tentiometer, as in Fig. 4, the impedance Zp, presented
to the tube driving the bridge falls as frequency in-
creases. The transmission between the grid circuit of
the driving tube and the output of a bridge with a con-
stant reactive transmission will likewise fall. This falling
off can be compensated by suitable shaping of the RC
arm transmission as follows.

The plate load impedance Zp., is approximately

Rp(d[)--

Ty il
R
Rp + (ab - - - mn) —

r

- mn) —
r

(6)

wlere r is the transmission ratio of the RC system.
The voltage gain of the tube driving the parallel com-
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bination will be gnZpy, where g, is the transconductance
of the tube. The transmission from the grid of the tube
to the output of the RC network will be NgnZp;, and
should be unity or slightly larger. This requires that

1

Ve ngPL

This gives rise to a straight-line minimum boundary of
the form

1 1
—— - . (D
(ab:--mn)Rgm Rpgm gmZpL
This is shown in Fig. 15,
COMPENSATION [/
& | coMPENSATION FOR PARASITIC /
~[N | FOR PLATE-GRID CAPACITANCE ¢
& | coupLine Loss i Y
/ 27 2nesan (ab..mn)Rgm ’
R+Rp [\ // Fi
R !
L ‘R:E-- 33 o5l r ineid)
e “9mZe. _ (@b...mn)R R
ImBn 1 9m Zp, l( ) 9n|| P9m
o 0.25 0.75 1.0

0.0
TRANSMISSION RATIO, I

Fig. 15—Method of approximating required transmission
characteristic of RC network.

This straight line is the minimum requirement for N.
The semicircles representing the RC network are fitted
under this line as a guide as in Fig. 16. Some margin
should be allowed for network deviations and g. varia-
tion. The effective g is reduced by about one half in the
circuit, as will be shown later.

SEMICIRCLES OF
MULTISECTION RC
NETWORK APPROX~
IMATING REQUIRED
CHARACTERISTIC N -

REQUIRED
cmmc‘re'alsnc N

TRANSMISSION
MAGNITUDE

Fig. 16—Method of approximating required transmission
charactenistic of RC network.

The low-frequency end of the guide line is bent up-
ward as required to allow for plate-grid coupling net-
work loss. The high-frequency end is bent upward to
allow for parasitic capacitance losses.

PoTENTIOMETER-RC NETWORK
BRIDGE TRANSMISSION

We are now ready to combine the transmission of the
RC network and the potentiometer to derive the trans-
mission through the bridge as in Fig. 17. The voltage
output from the bridge (Ne-Pe) is determined, for a
particular setting of the potentiometer, by the vector
difference between the RC network output Ne and the
potentiometer output Pe, over the 0-« frequency
range. All settings of the potentiometer from 2=0 to
k=1 must be considered.

The transmission characteristics of Figs. 12 and 14
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Fig. 17—Bridge output voltage (Ne-Pe) variation with frequency

are combined in Fig. 17 to evaluate the transmission
through the bridge. The curves of Fig. 17 show the
magnitude and phase of this transmission.

The transmission from the bridge through the tubes
is next considered. Fig. 18 shows the voltage relations at
the bridge output and the connected tube grid-cathode

1 ]
weamh] g ) {9
s Al - Gmn = GRID -PLATE TRANS-
“-I_T' = Aol CONDUCTANCE OF
I N [ TuBe (N)
[ W — ¥ gn = GRID=PLATE + GRID =
N 2 1 Pe SCREEN TRANSCON
e S5 DUCTANCE OF TUBE {N)
' < Z(gy W+ 9pVe) | SUBSCRIPT P REPLACES N
¥ 1 v FOR TUBE (P

Fig. 18—Input voltage to tubes,

systems. Equations (8a-8d) express the transmission
between bridge output and the tube grid-cathode sys-
tems.

Gmy=grid-plate transconductance of tube (N).
gn =grid-plate+-grid-screen transconductance of tube
(N). '

Subscript preplaces N for tube (P).
UN _ N(l + ZnP) - PZnP

© T Ut Zy + g0 e
v _ P‘(I _—}f’Z,N)_—_NZ,N ‘ (8b)
e 1+ Z(gnw + gp)
For Z,y and Z,p>>1, and gy = gp, (8a) and (8b) reduce to
ww N-—-P
R (59
vp P—N vy
P o (8d)

CatHODE COUPLING IMPEDANCE FACTOR

As shown in (8a) and (8b), the multiplying factors
operating on the N and P vectors depend on the cathode
impedance Z. These factors are readily analyzed by
means of the approximation formulas given in (9a) and
(9b).For Z,p>1, and EN=EP={gm,
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7 g

£ RS = e ) - 9.
1+ Z(gv + gp) 2 ( 228 el

4 1 1
= '(1 - = ) . (9h)
1+ Z(ev +g7) 2 2
Normally gv and gp will be almost equal and (9a) and
(9b) will show the effects of the Z,, factor for values
greater than unity. Fig. 19 shows how this factor affects
the multipliers of the N and P vectors of (8a) and (8b).

(b)

Fig. 19—Cathode impedance effects. (a) Z capacitive.
(b) Z inductive.

For Z having a negative phase angle, an important high-
frequency case, the factor Z,, likewise has a negative
phase angle. The quantity

1 1
(1 + ) )
2 W=

which multiplies the N vector in (8a), then has a posi-
tive phase angle, and rotates the multiplied N vector in
a positive direction.

Likewise the quantity

1( 1
1 )
2 Pk

which multiplies the P vector, has a negative phase
angle, and rotates the multiplied P vector in a negative
direction. The N vector is also lengthened slightly by
the multiplying factor, the P vector shortened. The
difference between the multiplied vectors, as expressed
by (8a), is a measure of the transmission between the
bridge output and a tube grid-cathode system, such as
of V1of Fig. 2. This difference N — P, as operated on by
the multipliers, is increased by the capacitive impedance
Z. These relations hold since N multiplied will ordinarily
lead P multiplied by an angle between 0° and 180°, and
not between 180° and 360°. However, in (8b), the roles
of the P and N vectors are interchanged. The effect of a
capacitance Z,, factor is to rotate the multiplied P
vector in a positive direction, the multiplied N vector
in a negative direction. The difference between the
multiplied vectors, as expressed by (8b), is a measure
of the transmission between the bridge output and a
tube grid-cathode system, such as of V3 of Fig. 2. This
difference N — P, as operated on by the multipliers, is
decreased by the capacitive impedance Z. To compen-
sate for this decrease the RC network driving tube V4
may be designed with a larger reactive transmission
component at the highest frequencies.
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The remainder of the oscillator loop design offers
problems similar to those met in negative feedback
amplifiers.® In the case of the oscillator, one frequency of
oscillation is required. The network design problem
over the 0-« frequency range, except for this one fre-
quency of oscillation, consists of avoiding any tendency
to oscillate at another frequency. This means that if
the oscillator loop transmission passes through a 0°
phase shift at any frequency except the desired fre-
quency of oscillation, it must do so with a magnitude of
less than unity, or 0 db. Exceptions may be made for
conditional stability as shown by Nyquist,” although
special measures may be necessary to establish oscilla-
tion in the desired mode.

The shaping of the transmission loop frequency char-
acteristic is readily accomplished with proper choice of
components. No further discussion is necessary.

SuMMARY OF LooP TRANSMISSION

Figs. 20 through 22 show transmission magnitude and
phase for the feedback loop of the oscillator of Fig. 2 at
extreme and middle frequency settings. Prominently
demonstrated are the extremely broad bands, stretching
well beyond the actual frequency adjustment range, in
which negative feedback exists. The feedback magni-
tudes range up to some 50 db.
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Fig. 20—l.oop transmission,

SMOOTHING OF TRANSMISSION RIPPLES

The ripples in the RC network transmission can be
compensated somewhat by staggering the critical fre-
quencies fc of the two RC networks. The configuration
of the RC arm also may be modified to advantage, and
the frequency ratios of 16 to 1 for succes:ive sections may
be changed.

TrANSIT-TIME EFFECTS

At frequencies in the megacycles, tube transit times
add to the loop phase shift, and cannot be neglected.

T ’}'{ W. Bode, “Network Analysis and Feedback Amplifier De-
sign,” D. Van Nostrand Co., New York, N. Y., 1945.

7 H. Nyquist, “Regeneration theory,” Bell Sys. Tech. Jour., vol. 11,
p. 126; January, 1932.
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For a 6AKS tube this factor may add a phase shift of
the order of 0.2° per mc per stage. The physical size of
the loop also contributes, but is a smaller factor in a
normal design.
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Fig. 21—Loop transmission.
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Fig. 22—Loop transmission.

FREQUENCY RANGE

Extreme frequency range depends on the gain avail-
able to compensate for the bridge losses. The top fre-
quency gain is limited by the parasitic capacitance of
the amplifier system. If the top frequency is reduced by
one half, the capacity reactance limiting the gain is
doubled, and the realizable gain is doubled too. The
bridge loss then can be doubled by halving the semi-
circle diameters. Twice as many semicircles can be ac-
commodated and the extreme highest-to-lowest fre-
quency ratio is roughly squared. The lowest frequency
can be reduced decades below 1 cps to regions in which
insulation resistance will be a limiting factor.

FREQUENCY CALIBRATION OF DiaL

The frequency calibration of the dial is nearly a
logarithmic function of linear scale divisions with linear
control potentiometers. This relation arises from the
nearly linear variation of the resistive component of the
RC network impedance with the logarithm of frequency.

The linear asymptote through which the real com-
ponent of the RC arm transmission oscillates would
give rise to a logarithmic frequency adjustment dial
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scale, but for several factors. Most prominent are that
the RC arm envelope asymptote has a slope and that
the plate grid coupling networks and parasitic capaci-
tance introduce phase and magnitude changes as the
extreme frequencies are approached.

PHASE ANGLE BETWEEN OUTPUTS

The phase angle between stage outputs is nearly 90°.
This arises from the 180° reversal in the two bridges,
leaving 180° of phase shift to be split between the two
bridge units. The split is almost even, with some un-
balance caused by the two different multiplying factors
operating on the N and P vectors (see equations (8) and
(9)). Deviations of the frequency-adjusting potentiom-
eters from perfect alignment with each .other also
contribute to the dissymmetry.

The phase angle between the outputs of the N and P
tubes of the same stage is roughly 180°, which may be
modified by the different multipliers of the N and P
vectors, and different plate load impedances.

Thus the outputs of V1 and V2 in Fig. 2 are roughly
opposite in phase, as are those of V3 and V4. The out-
put of V3 is displaced roughly 90° from that of V1. It
follows that the outputs of V2 and V4 are similarly
related. Thus a four-phase output, with phases dis-
tributed at roughly 90° intervals, may be derived from
the four plate circuits of the tubes.

Direct connection may be made to plates of tubes V2
and V4 without seriously disturbing the oscillator. Con-
nection to either of plates of V1 and V3 preferably is
made through a buffer amplifier to avoid reaction on
the oscillator from different connected loads.

ALIGNMENT OF FREQUENCY-ADJUSTING
POTENTIOMETERS

The effect of misalignment of the frequency-adjusting
potentiometers results in a frequency roughly halfway
between those corresponding to both potentiometers set
in turn to align with each other.

AMPLITUDE STABILIZATION

If the oscillator output is limited by extreme tube
overloading, the wave form is degraded. It is preferable
to use some other sort of gain control, such as grid-bias
automatic voltage control, or a thermistor as shown in
the plate circuit of tube V1 of Fig. 2. The resistance by-
passing the condenser in series with the thermistor re-
duces the voltage peak of the thermistor characteristic
by providing a dc bias current. The resistance in series
with the thermistor serves to adjust the slope of the
regulation characteristic.

The oscillator output is taken from the plate circuit
of V4. A second shunting thermistor circuit helps to re-
duce the output voltage variations. Further reduction of
these variations over the frequency range is provided by
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an RC network, similar to those in the bridges, shunted
across the plate load of the tube V4. An article on funda-
mentals of thermistors has appeared recently in this
journal.®

Harmonic OUTPUT

Harmonic output is proportional to the excursions of
the tube currents. The tube system will act as an ampli-
fier being driven by the fundamental frequency of the
oscillator, and the harmonics incidental to the funda-
mental output will be present. In general, the smaller
this output, the smaller the distortion.

FREQUENCY STABILITY

Frequency stability is dependent on many factors,
the most prominent of which is the tube gain stability.
The nonlinearity of the transmission loop also con-
tributes. Factors such as stability of the frequency-
control elements will not be discussed here.

Fig. 23 shows typical frequency shifts for inter-
changes of V1 and V2 or V3 and V4 in cases where the
transconductance of V1 is 12 per cent higher than that
of V2. The frequency shift is 5 per cent per db of tube
gain change for the simple cathode impedance of’a
resistance and a small coil, bridged with parasitic
capacitance. Above 100 kc the parasitic capacitances in
the circuit begin to exact toll, and frequency stability
becomes poorer.
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Fig. 23—Frequency stability with gain variation.

Increase of the cathode impedance by a more com-
plex network improves the frequency stability. The
tube screen grid generator resistances tend to limit the
maximum impedance and the improvement possible.

The tube gain variation is the largest source of fre-
quency drift, and demonstrates the need for a large
cathode feedback. The components of the the transmis-
sion ratio vy/e, shown in Fig. 24, indicate how the phase
shift resulting in frequency change is derived from
changes in the multiplied N and P vectors, N, and P..

* J. H. Bollman and J. G. Kreer, Jr., “Application of thermistors
tlt‘))stéontrol networks,” Proc. 1.R.E., vol. 3’&, pp. 20-26; January,
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Equations (10a) and (10b) give the changes in the com-
ponents of the effective grid-cathode voltages vx and
vp for changes in the tube gain factors g and gp.

(v
d\N) =dN1—dP1. (10)
(e)
For gp=gn=2m,
N 3 \d S\
dN,= 2 [(1_ >._gf_ (1———>-££:| (10a)
2 Zng gP Zng EN
P 1 \d 16 N
dP, = _1[<1+. i-->_£_ <1———> -—gz] (10b)
2 2Zgn/ gp 2Zgn/) gn

The differential factors operating on the components
of vy/e as shown in the last two equations are almost
equal, and become more so as Zgn= <. The variation
coming from gp contributes to the inequality, and so to
the frequency shift. The contribution from gw tends to
cancel. This would suggest special attention in the way
of regulation of supply voltages and perhaps a negative
feedback for the P tube. Similar measures are indicated
for the N tube of the pair using the output of the P tube
to drive a bridge.

The high dc resistance of the common cathode return
tends to keep the total current of the N and P tubes con-
stant. If the current in one tube starts to fail, the cur-
rent in the other tube increases to make up the differ-
ence. Since transconductance is somewhat proportional
to space current, the common cathode connection tends
to accentuate frequency drift caused by tube aging.
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Fig. 24—Frequency stability with gain variation.

Fig. 25 shows separate cathode resistances for each
tube. The cathodes are coupled together through con-
densers which reduce the performance to that of the
paralleled cathode circuit impedances at sufficiently
large frequencies. The large dc feedbacks acting on each
tube separately tend to hold the space currents constant.
The transconductances tend to stay more nearly con-
stant over much of the tube life, and the oscillator fre-
quency is thus more stable.
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The cathode coupling condensers enter into the low-
frequency transmission around the oscillator loop, and
must be designed with the cathode return impedances
and grid-plate coupling systems to make a stable feed-
back gain and phase characteristic. The cathode returns
may be complex networks instead of plain resistances to
provide large impedances in the oscillator working
band.

Fig. 25—Direct-current stabilization of gain and frequency.

OSCILLATOR FREQUENCY SHIFT AS A FUNCTION OF
OuTpPUT AMPLITUDE

Frequency shift of an amplitude-regulated oscillator
as a function of output well below overload may be
evaluated by means of a power series analysis. The fre-
quency shift is caused by phase shift of the fundamental
frequency resulting from quadrature components of the
second-order difference product of fundamental modu-
lating with second harmonic, and the third-order differ-
ence product of fundamental modulating with third
harmonic, and so forth. For small amplitudes of funda-
mental, say 30 db below full output, only the second-
order modulation is noticeable, and a two-term power
series suffices

I=Il+azllz (11)

where

I=total current in a tube

I, =fundamental frequency current

a,=a factor of proportionality.

Evaluation of the actions in the feedback loop results
in this relation for frequency shift
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[2 I, jsin ¢, ]
ol 1t [ 1— 4
where

Af =frequency shift in cycles
df/df =slope of phase-frequency characteristic of
feedback loop in radians per cycle
I,=second harmonic current corresponding to I,
measured with no feedback
A,=feedback to second harmonic.

df

e (12)
do

sin ¢2
l 1— Azl

1 COS¢2
P 4, | | 11— A

d@/df is negative at f,; for 6, between 0° and —180°,
sin ¢, is negative and Af is negative. Thus increasing
amplitudes of I, result in a downward shift of frequency,
proportional to the square of the amplitude, as long as
I, is proportional to the square of I,. This holds for small
amplitudes. For larger amplitudes the power series of
(11) must include more terms.

APPENDIX
TABLE 1

tano 1 i i
=—+4/ — — k1 — &)
1/ 2V 1 ( .

k(1= k
0.25 0.50 0.50
0.21 0.30 0.70
0.177 0.23 0.77
0.149 0.18 0.82
0.125 0.15 0.85
0.105 0.12 0.88
0.088 0.10 0.90
0.074 0.08 0.92
0.063 0.07 0.93
0.053 0.06 0.94
0.044 0.05 0.95
0.037 0.04 0.96
0.031 0.03 0.97
0.026 0.03 - 0.97
0.022 0.02 0.98
0.019 0.02 0.98

CTNEE=TD
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Recording Demagnetization in
Magnetic Tape Recording*

O. WILLIAM MUCKENHIRN{, MEMBER, IRE

Summary—An analysis of the magnetic tape recording process
employing supersonic excitation is presented by considering the
effect of the spatial distribution of the magnetic field around the re-
cording head air gap on the magnetic history of an unmagnetized
element of tape as it tracks across the recording head. This leads to
an effect which is termed ‘“‘recording demagnetization” and serves
to explain certain performance characteristics. An experimental
technique developed for the measurement of this recording de-
magnetization is described, as is the method of measuring the air-gap
field distribution. Finally, the correlation of the measurements of the
recording demagnetization with normal recording performance char-
acteristics is reported.

INTRODUCTION
RFID PROGRESS in the development of prac-

tical magnetic sound recording has been achieved
in recent years. The use of a supersonic excitation
or bias in the recording process has contributed sub-
stantially to the high fidelity attained in present sys-
tems, but has likewise increased the complexity of the
recording process for which several theories have been
proposed in the literature. Noteworthy among these is
the work of such men as Toomin and Wildfeuer,!
Holmes and Clark,? Wetzel,> and Camras.* However,
most of this work was restricted to a steel wire medium
and none included the effect of the spatial distribution
of the magnetic field around the air gap of the record-
ing head. The magnetic field measurements of Clark
and Merrill® also were made on wire recording heads and
were used quantitatively in an analysis of the reproduc-
tion process. The analysis proposed herewith pertains
primarily to the effect of the magnetic field distribution
of the recording head air gap on the recording process
when the medium is a magnetic tape undergoing longi-
tudinal magnetization.
In order that the analysis and corroborating meas-
urements may have practical significance, the per-

* Decimal classification: R365.35. Original manuscript received
lS)yltghSel Institute, June 14, 1950; revised manuscript received, March
o t University of Minnesota Institute of Technology, Minneapolis,
inn,

1 H. Toomin and D. Wildefeuer, “The mechanism of supersonic
frequencies as applied to magnetic recording,” Proc. I.R.E., vol. 35,
pp. 664—668; November, 1944,

21, C. Holmes and D. L. Clark, “Supersonic bias for magnetic
recording,” Electronics, vol. 18, pp. 126-15)3‘, July, 1945.

*W. W. Wetzel, “Review or the present status of magnetic re-
(l:r;‘r‘f;mg theory, Part I1,” Audio Eng., vol. 31, pp. 12-16; December,
% Marvin Camras, “Graphical analysis of lincar magnetic record-
ing using high frequency excitation,” Proc. L.LR.E,, vol. 37, pp. 569
573; May, 1949,

¢ D. 1.. Clark, and L. L. Merrill, “Ficld measurements on mag-
Ei:li(.l:)u';)rding heads,” Proc. 1.R.E., vol. 35, pp. 1575-1579; Decemn-

er, i

formance characteristics of Figs. 1 and 2 are presented.
Curves 4, B, and C of Fig. 1 are the frequency-response
curves for a constant recording current, and for record-
ing and playback speeds of 4.4, 8.3, and 16.4 inches per
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Fig. 1—Frequency and wavelength response characteristics for con-
stant current recordings. Curves 4 and 4’; B and B’; C and C’,
are for tape speeds of 4.4; 8.3; and 16.4 inches per second, respec-
tively.

second, respectively. Curves 4’, B’, and C’ show the
same data considering the wavelength of the recorded
signal on the tape as the independent variable. It fol-
lows directly from curves A, B’, and C’ that, for con-
stant current recording, the output varies directly with

80 [ 1000 CPS
*—§__[ 4000 crS T
s =" .
3 e S
2 W
. )} | NS S S
& t\sooo cPs
T
> .7 H .
o 30 1 l
e LS i e
o 48000 cPS
20 1 1‘1&': +
+ 4 4 4
| 1 |
1 1 1 A
#
i 2.0 30
EXCITATION CURRENT (MA)

Fig. 2—Experimental curves showing variation of signal output
voltage as a function of the magnitude of the supersonic excita-
tion with signal recording current and tape speed both held con-
stant.

the tape speed, and the factors influencing the shape of
the characteristics are independent of tape speed. It
was considered advantageous therefore, in the analysis
of the recording and reproduction processes, to use the
physical wavelength on the tape as the independent
variable, for then the tape speed factor was eliminated.
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The curves of Fig. 2 illustrate how the signal output
voltage of different frequencies varies with the magni-
tude of the supersonic excitation, all other factors re-
maining constant. Two features of these characteristics
are to be noted. The maximum output occurs for dif-
ferent excitation for different signal frequencies, mov-
ing toward lower excitation currents as the frequency is
increased, and the output of the higher frequency signals
is substantially reduced for higher excitation currents.
This latter effect has been reported by Hoimes® and
Wetzel,” but no satisfactory explanation has been
presented before this time.

In the analysis that follows, an effect which is
termed “recording demagnetization” is predicted. It
serves to explain the performance characteristic when
the magnitude of supersonic excitation is varied and to
reduce considerably the discrepancy between the ideal
and observed short wavelength response for constant
current recording. By ideal characteristic is meant that
characteristic depending only upon Faraday's law of
magnetic induction for which a drop in response voltage
of six decibels per octave increase of wavelength would
result (curve D, Fig. 13).

THEORETICAL ANALYSIS

The recording process is best understood by focusing
attention on an unmagnetized element of the tape and
following its magnetic history in detail as it tracks
across the recording head. On the assumption of sinu-
soidal signals and excitations, this history is a function
of the speed of the tape, the amplitude, frequency and
phase of the signal, the amplitude, frequency and phase
of the supersonic excitation, the nonlinear magnetic
characteristic of the tape, and the magnetic field dis-
tribution around the recording head air gap. An im-
mediate simplification is effected by combining the
speed and frequency into a wavelength function as was
previously suggested. The functional variation of the
magnetizing field that an element of tape experiences in
moving across the recording head then may be expressed
merely as a function of the distance along the path of
the tape.

For the purposes of this paper, a long wavelength
signal is defined as one whose wavelength is long com-
pared to the distance over which the gap field hasan ap-
preciable value and a short wavelength signal as one
whose wavelength is less than the effective air-gap field.
The composite variation of the magnetizing force with
distance across the recording head combining a long
wavelength signal of fixed amplitude and phase, a super-
sonic excitation of a given amplitude and phase, and the

¢ Lynn C. Holmes, “Some factors influencing the choice of a me-
dium for magnetic recording,” Jour. Acous. Soc. Amer., vol. 19, pp.
395-403; May, 1947. 4

7 W. W. Wetzel, “Review of the present status of magnetic re-
cording theory, Part I11,” Audio Eng., vol. 32, pp. 26-30; January,
1948.
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gap field distribution is illustrated by curve oabc - - - n,
in Fig. 3(a). The effect of the long wavelength signal is
such as to produce an asymmetry in a given (positive
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Fig. 3—(a) Schematic representation of the magnetic field variation
across the recording head air gap during the recording process of
a long wave-length signal. (b) ’I&e magnetizing sequence (not to
scale) experienced by an unmagnetizedgtape element as it moves
to the center of the air gap. (c) The magnetic sequence as the
tape element leaves the center of the air gap.

for the phase shown) direction. For a long wavelength
the signal amplitude varies little across the gap length
and the effect is essentially that of a constant magnetiz-
ing force, its magnitude varying only as determined by
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Fig. 4—(a), (b), and (c). The corresponding representations
of Fig. 3 for a short wavelength signal.

the gap field distribution. A corresponding relationship
is shown in Fig. 4(a) for a short wavelength signal of the
same amplitude and phase and with the same supersonic
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excitation. Several cycles of the short wavelength signal
extend over the effective air-gap field region producing
corresponding reversals in the direction of the asym-
metry, the peak values of which vary in accordance
with the gap field distribution. In both cases a phasing
has been assumed such that both the signal and super-
sonic excitation have a positive maximum at the center
of the air gap.

The effects of applying the resulting magnetic field
variations (curves oab - - - m) of Figs. 3(a) and 4(a)) to
the magnetization curve of the tape are illustrated in
Figs. 3(b) and (c), and 4(b) and (c), respectively. An
element of unmagnetized tape then in moving to the
center of the air gap experiences a magnetic history
shown by the lines oabcdefg and in moving from the
center out of the air gap experiences a history shown by
lines ghijklmr. Separate diagrams are used to illustrate
the incoming and outgoing of the tape element so as
to reduce confusion in following the curves. The
remanence of the element of tape at this point in the
recording process is represented by Or in Fig. 3(c) for
a long wavelength signal, and by the smaller value Or,
Fig. 4(c), for a short wavelength signal, the smaller
value resulting from the asymmetry reversals. Both of
these values are below the residual induction of a sym-
metric cyclical hysteresis loop having the same peak
value of induction. This reduction in remanence due to
the complex magnetic history of a tape element as it
traverses the air gap is designated herewith as “record-
ing demagnetization.”

It follows from the above discussion that the record-
ing demagnetization is a function of the amplitude,
wavelength and phase of the signal current, the ampli-
tude, wavelength and phase of the excitation current,
the gap-field distribution, and the magnetic character-
istics of the tape. The complexity of the function is
further increased by the nonlinearity of the tape char-
acteristics and its value therefore was determined on a
purely experimental basis.

The general influence of recording demagnetization
on the performance characteristics follows from the
above analysis plus an extended visualization of the
magnetic cycle as certain factors vary. As the signal
wavelength decreases, the remanent flux is reduced,
and the tape output on reproduction is thereby reduced.
This is in accordance with the wavelength response char-
acteristic (Fig. 1). As the amplitude of the supersonic
excitation increases, the effective air-gap fringing field
extends over a greater distance. For a signal of a given
wavelength then, the ratio of the signal wavelength to
the effective gap length will decrease and the recording
demagnetization becomes greater. This correlates with
the output versus excitation amplitude curves of Fig. 2.

The final remanence of a tape element at the conclu-
sion of the recording process is not necessarily a value
such as Or in Fig. 3(c) or 4(c), but rather this value Or
less the effect of self-demagnetization, an cffect which
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has been discussed by Camras,® Wetzel,® and others. A
correlation of the self-demagnetization effect with the
recording demagnetization effect is illustrated in Fig. 5,
in which the remanence Or of Fig. 3(c) or (4c) is repre-
sented by OB;. The reduction in magnetic induction
due to the self-demagnetization effect for a signal having

Fig. 5—A section of the magnetization curve illustrating the effect of
self-demagnetization.

a wavelength to which the shearing line OP applies is
the difference between OB; and OB;. In the reproduc-
tion process, however, a recovery of induction is made
along PB; to give an over-all loss due to self-demag-
netization represented by the difference between OB;
and OB,. For long wavelength signals, e.g., those greater
than 20 mils, the shearing line OP approaches the
vertical so that the self-demagnetization loss is negli-
gible and the value OB; (or Or) represents the final
remanence.

EXPERIMENTAL PROCEDURE

The experimental validation of the proposed theory
leading to the concept of recording demagnetization
required, in very brief terms, a determination of the
fringing air-gap field of the recording head, a method of
conducting a small section of the tape through the mag-
netic sequence corresponding to a given set of recording
conditions, and finally the measurement of the resulting
remanence of the tape section and its correlation with
the actual recording system performance characteristics.

The gap-field measurements in this work were made
on a ring-type head having an average gap length of
0.83 mil (0.00083 inch) as measured under a 100X
microscope. This small gap length imposed severe limi-
tations on the dimensions and positioning of the ex-
ploring coil to be used for the measurements. A final
unit using 0.3-mil tungsten wire constructed as shown
in Fig. 6 proved satisfactory. Fine adjustment of align-
ment of the 0.3-mil wire with respect to the air gap
was provided by the mounting assembly. Horizontal
motion of the coil across the gap and vertical motion
above it at any horizontal position were made by cali-

s Marvin Camras, “Theoretical response from a magnetic-wire
record,” Proc. I.R.E., vol. 34, pp. 597-602; August, 1946.

°'W. W. Wetzel, “Review of the present status of magnetic re-
(l:g;(;mg theory, Part 1,” Audio Eng., vol. 31, pp. 14-17; November,
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Fig. 6—Sketch of exploring coil used to measure
the gap-field distribution.

brated screw adjustments. The sensitivity of these ad-
justments was such that horizontal displacements down
to 0.05 mil and vertical displacements to 0.1 mil could
be made and read on calibrated dials.

The exploring coil was connected to an amplifier the
output of which supplied a wave analy