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Another Special. This issue of
the ProCEEDINGS is dedicated
to the achievements of the var-
ious Government research lab-
oratories of the United States and Canada. It thus becomes
an opportunity to recognize the work of people which too
often goes unrecognized. as well as to point out the mag-
nitude and diversity of the contribution which governmental
support makes to our tield. The issue is diverse in technical
content and thereby deviates from the past patterns of spe-
cial issues on specific technical areas of development. Some of
you may like it simply because of this diversity, while others
may like it because of the applied nature of some of the papers,
or because of the opportunity to hear of works too often
buried in government project reports.

Dr. A. N. Goldsmith, inspired by the establishment of the
National Bureau of Standards Boulder Laboratories in 1956,
suggested the desirability of such an issue. Since that time
the importance of governmental support of basic and applied
research has continued to grow, culminating in the appoint-
meunt last year of Dr. J. R. Killian as Special Assistant to the
President for Science and Technology, and it is he whom we
have asked to write the guest editorial which follows.

The field of work described was deliberately limited to that
done by government-employed scientists and engineers in gov-
ernment-owned laboratories. Acknowledgment for valuable
aid and suggestions should go to Captain Chris Engleman,
former chairman of the Professional Group on Military Elec-
tronics, and to Dr. John T. Henderson, our Senior Past Presi-
dent. The 39 papers represent contributions from 21 U.S. and
3 Canadian laboratories. “Scanning the Issue” well demon-
strates the diversity of their work.

One word of caution: bibliographies should not be ac-
cepted as complete, since in many cases classified papers and
reports could not be listed.

Will the Supply Be There? In the fall we pointed out that
contrary to publicity eflorts and expectations, the engineering
freshman class in our colleges and universities had fallen, and
the confirmed figure is now set at 11.1 per cent below 1957,
and 1957 was in fact only 1.2 per cent above 1956. Preliminary
data seems further to indicate that the freshman engineering
class for 1959 will be no larger and may be as much as 10 per
cent smaller than 1958. In contrast to these figures are the en-
rollments in the physical sciences which almost universally
went up last fall.

Many suspect this represents a shift of students’ interest
to basic science, possibly as a result of past years' publicity
on our need for greater basic science knowledge, to which was
not sufficiently coupled our need for engineering research to
apply this basic knowledge. In any case it appears we may
well be in for manpower surplus troubles in some of the

smaller physical sciences, since a field cannot readily as-
similate a step function increase of 100 per cent in its man-
power input, and this may happen in some of the scicnce
tields.

On top of the engineering freshman decrease there seems
superposed a disturbing dropout rate. Discussion with a few
engineering college administrators places this difficulty on the
inability of many students to compete at the college level—
the high schools seem to have failed to ready these students
for the college level of output and quality. There seems to be
a real lack of desire to want to be engineers among many of
these students—are they hangers-on brought in by the tales
of the engineering shortage? If they had not been so brought
in to what even lower figure would our engineering enrollment
have sunk?

To counteract these trends we see the need for a very well
planned campaign to demonstrate the challenge to the good
high school student of the unsolved engineering problems for
the world ahead—those which our upcoming generations of
engineers will have to solve if we are to win the race in space.
Such problems include the linking of the human and auto-
matic control systems, regenerative air, water, and food sup-
plies, problems imposed by meteor damage, temperature con-
trol during flight and re-entry, prevention of radiation dam-
age. astrogation, communication, and escape and rescue from
a malfunctioning craft. These could be added to the extensive
list of immediate needs put forward monthly by the employ-
ment advertising pages of these PROCEEDINGS.

Our modern high school productsdo not doubt the romance
and challenge of this field when properly gresented to them.
Especially is this true of the field of electronic engincering,
which is destined to receive a sizable portion of the total en-
gineering enrollment if our colleges provide adequate stafls
and modern facilities and curricula for this study.

What is required in addition is presentation to our sec-
ondary schools of the need for better prepared graduates, and
the importance to the graduates of having been expected to
present high quality work in high school. Having played in the
high school band may make a boy a more interesting person.
but it is not likely to help him pass calculus. Engineering
education begins with ninth grade algebra—let us see that it
does begin for the good students, and that they are taught
that energy must go into engineering.

More Roses. Last month we pointed out the number of Sec-
tion publications aiding in the important job of IRE com-
munications. Now comes to hand an additional publication
from a new level—a monthly circular “Electronic Produc-
tion” produced by the Boston Chapter of the Professional
Group on Production Techniques.

“And all the leaflets have littler leaflets and so on, ad in-
finitum.”—J.D.R.



630

James B. Killian, Jr., Special Assistant to the Presi-
dent for Science and Technology, was born in Blacks-
burg, S. C. on July 24, 1904. IFrom 1921-1923 he at-
tended Trinity College (Duke University), and in 1926
received the B.S. degree from Massachusetts Institute
of Technology. Ile holds in all twenty-five honorary
Doctor’s degrees in law, science, and engineering from
American and Canadian colleges and universities.

From 1926-1927, Dr. Killian served as Assistant
Managing LEditor of The Technology Review (NLLTY),
he was Managing Editor from 1927-1930 and then
Lditor from 1930-1939. Since 1939, he has successively
served as  Ixecutive Assistant to the President of
M.ULT., Executive Vice-President, Vice-President, and
Tenth President of M.1.T. e is currently Chairman of
the Corporation of M.1.T.

Since 1950 he has served on numerous Presidential
and  Governmental advisory committees concerning
Mmanagement, comnnmications, science, and education.
Since 1957 he has been Chairman of the President's
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SJames R. Killian, [r.

Special Assistant to the
President
for Science and Technology

Science Advisory Committee. At the present time, he is
also Director of the Research Corporation, and member
of the Board of Trustees of the Nutrition Foundation,
the Alfred P. Sloan Foundation, and the Board of
Trustees of the Atoms for Peace Awards, Inc.

Among the awards received by Dr. Killian are the
President's Certificate of Merit (1948), the Certificate
of Appreciation of the Department of the Army (1953),
the Decoration for Exceptional Civilian Service, De-
partment of the Army (1957), the Public Welfare Medal
of the National Academy of Sciences (1957), The Gold
Medal Award of the National Institute of Social Sci-
ences (1958), the World Brotherhood Award of the
National Conference of Christians and Jews (1958),
and the Award of Merit of the American Institute of
Consulting Engineers (1958). In 1957 he was made an
officer of the French Legion of 1lonor.

te is a Fellow of the American Academy of Arts and
Sciences, and a member of Sigma Chi. tle is an honor-
ary member of Phi Beta Kappa and Tau Beta Pi.
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Guest Editorial”

James R. Killian, Jr.

By devoting this issue to Government research, the
PROCEEDINGS spotlights an important factor in our
total national research and development effort. About
one-half of the Government expenditure for research,
engineering and development will be spent this vear in
Government-owned and operated laboratories. Similarly,
the increase in the number of publications originating in
Government (and Government-sponsored) laboratories
is one of the striking aspects of American science in the
past decade. The growth of Government-financed science
is one of the most remarkable accomplishments of the
post-war period.

This issue has contributions from a wide array of
Government laboratories. The range of the Govern-
ment's interests, and the extent of its support of re-
search and development, is indicated by the fact that
some 38 different Government departments and agencies
have research programs. This issue of the PROCEEDINGS
is, of course, concerned principally with electronics and

* Original manuscript received by the IRE, March 31, 1959,

advances in electrical engineering, but many other areas
of Government research could be impressively repre-
sented in issues of professional journals such as this.

Even though much Government research is wide-
ranging and of high quality, it must be recognized that
the Government faces many problemsas it supportsand
seeks further to encourage “in-house” research. The
recently established IFederal Council for Science and
Technology, which resulted from a study of Govern-
ment laboratories and operations conducted by a panel
of the President’'s Science Advisory Committee, is in-
tended to provide the Government with a better means
to deal with some of these difficulties.

Let me cite some of the comments and recommenda-
tions from the report, “Strengthening American Sci-
ence,” which led to the establishment of the Federal
Council:

There are excellent private and public laboratories
working on programs for the Federal Government.
The choice between these two types of operations
should be based on careful judgments of where the
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work can best be accomplished. Both Government
and industrial firms have facilities and experience
that would be difficult for the other to duplicate,
Sometimes a university, with its academic strength,
provides the more suitable environment. Still, how-
ever, some Government researchers have tended to
lose heart as the number of contract-operated lab-
oratorics has grown over the last decade. Govern-
ment laboratories are vital national assets whose
activities will need to keep pace with the growing
magnitude of Federal research and development pro-
grams. Undue reliance on outside laboratories in
placing new work of large scientific interest and chal-
lenge could greatly impair the morale and vitality of
needed Government laboratories. This is an import-
ant reason why it is necessary to understand those
factors in Government laboratories which can im-
prove morale and add significantly to their capabihi-
ties.

Inadequate personnel policies and practices can
inhibit the healthy growth and development of the
Government’s technical activities. Morale will suffer
tf Government salaries cannot be made more compet-
itive with industrial research salaries. Congress and
the Civil Service Commission have recently made
some welcome salary improvements, but more needs
to be done. Attempts should be continued, for exam-
ple, to make Government salaries more flexible at the
beginning levels. Recognizing, however, that it may
never be possible, or desirable, to equalize Govern-
ment and industrial salaries completely, it is imper-
ative that Government departments pay closer atten-
tion to cultivating significant research programs and
formulating attractive policies that will appeal to
imaginative and creative people. For example, scien-
tists and engincers should be given frequent oppor-
tunities by their agencies to attend, expenses paid,
national and international meetings in their field. It
has been demonstrated many times—notably in uni-
versities—that a unique challenge and a proper at-
mosphere can make up for some of the monetary
inequalities.

Another basic requirement for making Govern-
ment research attractive is to provide openings for
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scientists and engineers at the highest rungs of the
administrative ladder, There are still departments
where it is not possible for a technically trained civil-
lan to assume full responsibility for the management
of a laboratory. If an individual is denjed the oppor-
tunity to assume major responsibilities or continue
his professional growth, there will be a further re-
duction in the attractiveness of technical careers for
civil service personnel.

Government laboratory operations sometimes suf-
fer from improper financing. A pattern has been es-
tablished in which a few laboratories receive only a
part of their operating budget from the particular
department, bureau, or agency to which each reports.
The balance is obtained through transfers. This
practice not only hinders the director of the laboratory
in planning a rational program but also introduces
instability among programs and personnel. If fiscal
arrangements of this kind were corrected, these
laboratories could serve the Nation more efficiently.
Departments could benefit in this regard by further
emulating the general trend in industry which is mov-
ing away from piecemeal financing as it strives for
more efficient utilization of technical manpower.

Finally, Government laboratories must be given
the freedom by their departments to do the basic
research necessary to support their clearly defined
missions. They also need authority to negotiate con-
tracts and make research grants necessary for a
mutually profitable relationship with private scien-
tific communities. Congress has recently extended
the authority of Government agencies with opera-
tions in the research field to do both, and this action
is most helpful.

The Federal Council for Science and Technology is
now in operation. With its membership made up of
policy-making officials from those departments with
major research programs, and with the President’s Sci-
ence Advisory Committee made up of able representa-
tives of the non-Government scientific community, the
two groups working together have an exceptional op-
portunity to be vigorous protagonists of strong Govern-
ment science programs and institutions.
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Scanning the Issue

The 39 papers in this special issue provide a comprehensive
and representative picture of the many types of communica-
tions and electronics work being carried on by government
laboratories in the United States and Canada. The issue com-
prises both a report of new results and a review of recent
developments of interest and importance to the entire elec-
tronics community.

Although the majority of the laboratories that contributed
to the issue are connected with military establishments, the
scope and significance of their work, as this issue demon-
strates, extend far beyond areas that are of purely military
concern. The work reported here includes investigations that
are highly fundamental in nature (standards of measurement.
wave propagation studies, solid-state phenomena). develop-
ments that are of major importance to industry (microminia-
turization techniques, reliability studies, communication
engineering methods), and applications that are of widespread
utility (medical electronics).

The importance of the government laboratory as a con-
tributor to the technical progress of our profession, portrayed
in piecemeal fashion by the 39 papers in this issue, is brought
into sharp focus by the guest editorial on the preceding page.
We are privileged to present the words of a man uniquely
qualified to speak on behalf of all United States Government
scientific activity, Dr. James R. Killian, Jr., Special Assistant
to the President for Science and Technology.

The papers that follow, since they cover a wide variety of
topics, have been grouped into general areas of common in-
terest. Broadly speaking, the first part of the issue deals with
communications and the second part with electronics. The
subject matter is further delineated by the section headings
below.

MEASUREMENT STANDARDS

Underlying all branches of the communications and elec-
tronics field, and indeed all fields of physical science, is the
necessity for accurately measuring many physical phenomena.
The spectacular scientific advances of the past few decades
have in fact resulted largely from improvements in the ac-
curacy with which these measurements can be made. It is
appropriate, therefore, to open this issue with a subject that
is of such fundamental importance to all the papers in this
issue.

Two outstanding papers are presented from the National
Bureau of Standards which describe our system of measure-
ments in a manner that will be meaningful and interesting to
every reader. The first (McNish, p. 636) gives a clear insight
into the basis of our system of units and the standards that
have been established to fix and preserve the sizes of the units.
A companion paper (Silsbee, p. 643) describes in further de-
tail the interesting measuring procedures and supporting re-
search which must be continually carried out for just one of
the many existent units, the ampere.

COMMUNICATION SYSTEMS

The interest of the military services in radio communica-
tion is as old as radio itself. It dates back at least to 1899,
when the U. S. Army Signal Corps established radio contact
over the 12 miles separating the Fire Island Lightship from
Fire Island. Army communication requirements have since
expanded to the astonishing point where today a so-called
Type Field Army needs approximately 1,000,000 miles of

communication channels. [t is thus that the Signal Corps has
become extensively involved in a large number of related
technical areas, including radio equipment and transmission,
multiplexing, switching, data processing, systems engineering,
radio interference—and now space communication. An excel-
lent review is given of present work in these important areas,
setting forth a number of challenging and advanced ideas in
the process (Lacey. p. 650).

The very-low frequencies received practically no attention
until very recently, but are now taking on considerable im-
portance. The Defence Research Telecommunications Estab-
lishment in Canada has prepared an excellent engineering
study of VLF long-range communication systems, the likes of
which has not appeared in the literature for at least 30 years
(Belrose, ef «l., p. 661). In the HF band (3 to 30 mc), which is
more commonly used for long-range communication, it be-
comes necessary to try to take into account the temporal
vagaries of the ionosphere. The DRTE discusses in another
paper the means of predicting what frequencies to use to pro-
vide radio service hetween any two points at any time of day,
season, and year (Sandoz, ef «l., p. 681). A recent and impor-
tant addition to communications technology was the UHF
tropospheric scatter communications system. As an extension
of the angle diversity technique, a novel multibeam system
is proposed by the Rome Air Development Center as a step
toward utilizing the less crowded microwave frequencies for
scatter communication (Vogelman, et ¢/., p. 688). A discussion
of currently interesting communication systems would not be
complete without a review of the AM-SSB-DSB-CSSB strug-
gle now in progress, presented here from the impartial view-
point of the Naval Air Development Center (Nupp, p. 697).

ANTENNAS AND PROPAGATION

The evolution of present-day radio technology has de-
pended to a large degree on a continuing study of both radi-
ated and guided electromagnetic fields. The actual detection
and measurement of radiated fields, in turn. play an impor-
tant part in the understanding and application of electro-
magnetic waves. FFrom the National Research Council of
Canada comes a comprehensive tutorial survey of modern
radiation measurement techniques as they apply to electro-
magnetic wave studies, antenna design, and antenna perform-
ance (Cumming, p. 703). Frombroad fundamentals we turn to
a descriptive paper on antennas of a special type that has long
been neglected in the literature. The Navy Underwater Sound
Laboratory has had principal responsibility for the develop-
ment of submarine communication antenna systems since
1945, and the fruits of their work in the V'LF, HF, and UHF
bands are now described in a brief, well-illustrated manner
(Turner, p. 733).

In evaluating the performance of a VHF or UHF commu-
nication system it has long been customary to account for the
important effect of atmospheric refraction by means of the
well-known “four-thirds earth” concept, which greatly simpli-
fies the analysis and usually provides a reasonably accurate
medium-range model of the refractive index structure of the
atmosphere. The National Bureau of Standards has now de-
vised improved models that are more accurate for the in-
creasingly important long-range case, such as is encountered
in the design of new long-range radar systems (Bean and
Thayer, p. 740). Much useful experimental knowledge con-
cerning radar and propagation conditions is being provided
by the Naval Research Laboratory’s novel “flying laboratory”
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(Ament, p. 756). Ground stations, too, provide important
data. They have shown that one of the most distinctive fea-
tures of VHF radio transmission is the occasional occurrence
of sporadic-E propagation, resulting in greatly increased sig-
nal power at the receiver. The National Bureau of Standards
reports the results of an important five-year study of this phe-
nomenon over an 800-mile path between lowa and Virginia
(Davis, et al., p. 762). The discussions of VHF and UHF
propagation end with an account of the noteworthy work that
has been done at the Air Force Cambridge Research Center
in ionospheric and tropopsheric propagation at extreme dis-
tances and heights (Ames, ef al., p. 769).

NAVIGATION AND DETECTION SYSTEMS
Navigation Aids

This section opens with another outstanding contribution
from Canada on a subject of major current interest—a self-
contained airborne Doppler radar navigation system devel-
oped by the Canadian Defence Research Board Electronics
Laboratory. The six-part paper includes an excellent intro-
duction to aircraft navigation and a discussion of the princi-
ples of Doppler radar, as well as a description of the circuits,
hardware and systems that go to make up the unit. The dis-
cussions of microwave antennas, modulation and propagation
theory, analog vs digital computers, and data vs mechanical
stabilization are a few of the reasons why the paper will enjoy
a wide audience (Thompson, et al., p. 778).

The Doppler effect has also been put to interesting use by
the Civil Aeronautics Administration (now called the Federal
Aviation Agency) to produce an improved V'HF omnirange
system which promises to be of importance in meeting the in-
creasingly stringent demands of air traffic control operations
(Anderson and Flint, p. 808). The Diamond Ordnance Fuze
Laboratories proposes a novel distance measuring system that
uses random noise to modulate the transmission. Because
the nonrepetitive nature of noise avoids a source of error in-
herent in other systems, permitting distance measurements
down to a few feet, this system appears to be very well suited
to radio altimeters, especially in connection with blind landing
systems (Horton, p. 821).

As noted above, the VLF band is attracting a growing
amount of attention. This interest is due not only to the long
communication range it affords, but also to the recent realiza-
tion that much greater phase stabilities exist at these low fre-
quencies. This realization has opened the door to the possibil-
ity of building a system that would provide navigation for
ships and planes, day or night, under all weather conditions,
to a range of about 5000 miles with an accuracy of 1 mile or
better—a system believed to be well beyond the state of the
art only a short time ago. As a result, the Navy Electronics
Laboratory is now working on an important new system,
called Radux-Omega, which is intended to operate below 20
ke and to provide world-wide navigational coverage with as
few as eight stations. The highly important experimental data
included here regarding the phase stability of VLF waves will
substantially improve our understanding of VLF propagation
(Casselman, et al., p. 829).

Stmulation

Animportant and especially interesting adjunct to air navi-
gation work has been the recent development of electronic
techniques for studying and handling air traffic control prob-
lems and for training personnel. The Federal Aviation Agency
(formerly the CAA) has done a particularly outstanding, un-
publicized job of developing and introducing simulation tech-
niques, improved radar displays, and automatic data process-
ing systems to keep pace with the growing air traffic problem
(Astholz, p. 840). Novel simulation equipment has been de-
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veloped also by the Naval Training Device Center for training
pilots, using a pulsed analog computer (Herzog, p. 847).

Tracking

The space age has added new problems to the important
business of tracking and determining the paths of objects, and
again the computer is playing an important role. Members of
the National Aeronautics and Space Administration, Naval
Research Laboratory, and National Bureau of Standards have
developed a computer program which permits a rapid deter-
mination of a satellite orbit from only a small number of radio
tracking observations (Harris, et al., p. 000). \When tracking
is done by radar, the size and complex shape of a target
introduce wave-interference phenomena, resulting in scintilla-
tion noise which affects the accuracy of the results. The Naval
Research Laboratory is shedding a great deal of light on this
source of tracking error, which is becoming increasingly im-
portant as the speed and distance of targets increase (Dunn,
et al., p. 833).

Underwater Sound

A ten-year program of underwater acoustic research by
the Navy Underwater Sound Laboratory has led to a dra-
matic ten-fold improvement in the capability of submarines
to detect and track target vessels by means of passive sound-
detection systems (lde, p. 864). Underwater sound transmit-
ters, 00, have undergone extensive study. The Navy Under-
water Sound Reference Laboratory has developed an audio-
range sound transducer that represents a substantial advance
in the art (Sims, p. 866). An interesting parallel between sonar
and radar has been explored by the Navy Electronics lab-
oratory, in which the results of recent investigations into echo
detection theory for radar are shown to have application to
sonar as well (Stewart and Westerfield, p. 872).

ELECcTRONIC DEVICES AND IEQUIPMENT

Readers are forewarned that this section, while dominated
by developimentsin the solid-state art, also delves into a num-
ber of other areas, such as ultrasonics, information theory,
and reliability.

One of the most exciting new horizons for solid-state tech-
nology is in the microminiaturization of electronic equipment.
This means a good deal more than just making existing com-
ponents and assemblies smaller. It involves the creation of
totally new circuit elements, each of which may combine in a
single solid the functions of many standard components and
circuits, and perhaps some new functions, as well.

The clectronics industry has been looking forward to a
report of the important work being done in this area by cer-
tain government laboratories. Their wishes are now fulfilled.
The Diamond Ordnance Fuze Laboratory has prepared a
major contribution which describes the fabrication of a 14-
part transistorized binary counter on a }-inch square of stea-
tite-ceramic, only 1/50 inch in thickness. The unusual tech-
niques employed involve photolithography, thin film deposi-
tion, conductive adhesives, and ultrasonic drilling (Prugh,
etal., p. 882). Highly important work is also being done at the
Army Signal Research and Development Laboratory. Several
microminiature circuits are discussed in a second important
paper, revealing the latest industry-wide thinking on the
subject (Danko, et al., p. 894).

Photoemissive materials can be coupled with fluorescent
materials to form image converting and intensifying devices
for making infrared and other invisible images visible to the
eye. Recent developments, reported here by the Army Engi-
neer Research and Development Laboratories, have led to
devices which when perfected will permit night observation
under starlight illumination with no projected radiation
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whatsoever. These devices will be of substantial interest to
astronomers, radiologists and nuclear physicists, as well as the
military (Klein, p. 000). Photoconductive, as well as photo-
emissive materials are important to the infrared detection
problem. An excellent survey of work being done on this
subject, and also on the applications of correlation methods to
a variety of signal processing problems, is presented by the
Naval Ordnance Laboratory (Scanlon and Lieberman, p. 910).
The investigations at Picatinny Arsenal of the amount of
charge released by ceramic ferroelectric materials under vari-
ous conditions of temperature and pressure provide informa-
tion of special interest in the development of new sources of
power (Doremus, p. 921). Other interesting uses of ferroelec-
tric materials, summarized here by the Naval Air Develop-
ment Center, include sonar transducers, piezoelectric hy-
draulic pumps, and intracardiac phonocatheters for recording
heart sounds from within the heart (\Wallace and Brown, p.
923).

The Naval Ordnance Laboratory is engaged in a variety of
interesting electronic subsystem development problems, in-
cluding underwater influence mechanisms using the recently
developed Solion, rocket-sonde meteorological equipment,
missile-target miss measurements, and field test sets (Beach,
et al., p. 929). An overriding problem faced by all equipment
designers, and especially those dealing with airborne or missile
equipment, is that of reliability. This excellent description of
the approach taken by the Rome Air Development Center
will be of wide interest to readers (Naresky, p. 946).

INSTRUMENTATION

The advent of the jet airplane has intensified the study
of the origin of aircraft noise and its elimination or reduction.
In this connection, the National Aeronautics and Space Ad-
ministration has developed several instruments designed to
process noise measurement data with greater reliability and
speed (Carlson, et al., p. 956). Aircraft engineers, together
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with missile engineers, are interested also in testing com-
ponents at supersonic speeds and large accelerations. The
Naval Ordnance Test Station built a research track for this
purpose, on which a sled which carries the components is pro-
pelled at high velocities, necessitating the development of a
special telemetry system for obtaining precise velocity data
(Stirton and Glatt, p. 963). Turning from the air to the sea, we
find that the Naval Underwater Ordnance Station has ex-
plored a wide variety of novel instrumentation methods for
tracking torpedoes (Barry and Formwalt, p. 969).

It is especially fitting that an issue devoted to the work
of the government should end by showing how this work is
being directly applied to the general health and welfare of its
citizens. For example, one of the most costly catastrophes
that annually befalls our nation is floods, and an important
weapon for controlling them is the flood-control reservoir.
The effectiveness with which this weapon can be used has
been greatly increased by the development of telemetering
networks by the Army Engineer Waterways Experiment Sta-
tion for quickly gathering vital data on the flood stages of
main and tributary streams above and below the flood-control
dam (Hanes, p. 977). In the field of medicine, the Naval
Medical Research Institute has developed a novel control
system for injecting a radio-opaque dye into the arteries at
the proper instant so that an X-ray picture may be taken of
heart action at the desired moment during the coronary cycle
(Eicher and Urschel, p. 984).

Sanitary engineering is a field most readers will not associ-
ate with electronics. Yet within the past decade electronics
has been an increasing influence both in the research and
applied fields at the Robert A. Taft Sanitary Engineering
Center. The extent of this influence in air polution, radio-
logical health, milk and food sanitation, and water supply and
pollution studies (Geilker and Kramer, p. 986) and the elec-
tronic instrumentation developed for studying air pollution
(Nader, p. 988) is briefly outlined in two companion papers
that close the issue. '




636

PROCEEDINGS OF TIIE IRE

May

The Basis of Our Measuring System”*

A. G. McNISHt

Summary—The measuring system used for scientific work
affords a means of making physical measurements with great pre-
cision and accuracy. The best measurements can be made of the
quantities taken for the basis of the system. A decrease in both
accuracy and precision arises in measuring quantities which are re-
lated to them in a complicated way. The standards which fix the
magnitudes of the units on which the system is based appear to be
very constant. Some improvement in the system may be obtained by
substituting physical constants for these standards. This has already
been done for the standard of temperature, and it can be done ad-
vantageously for the standards of length and time; but there seems
to be no way to replace advantageously the standard for mass.

INTRODUCTION

HE most satisfactory kind of information that we

can secure about phenomena is developed through

measurement. If the phenomena are not suscepti-
ble to measurement, the information we can obtain of
them is rather unsatisfactory and incomplete. It is the
high measurability of the phenomena involved which
sets the physical sciences apart from the others and
causes them to be called the exact sciences.

Corollary to this, the more accurate the measure-
ments, the better is the information which we obtain.
To a considerable extent, the spectacular advances we
have achieved in the physical sciences during the past
few decades are the results of more accurate measure-
ments. Rough descriptions of phenomena are no longer
satisfactory. A few centuries ago, it was adequate to
know that the rate of free fall for a body is independent
of its mass. Later, the knowledge that the path of a
freely falling body with some initial motion describes
an approximate parabola sutficed. Today we recognize
that the ideal path is actually an ellipse; and, if the
gravitational field is not completely specified by the in-
verse square law, perturbations of the elliptical path
must be allowed for, as in the case of an artificial satel-
lite.

In order to carry out accurate measurements, we have
established a system of units and a system of standards
to fix and preserve the sizes of the units. What are the
requirements of such a system? How many units and
how many standards do we need? And how many of
them are what we call “basic”?

Let us consider several possible systems. For example,
we might take for the unit of length, the length of some
arbitrarily selected bar; for the unit of mass, the mass
of some specified object; the unit of electromotive force,
the open circuit EMF of a particular Clark cell; the unit
of current, the short-circuit current of a particular grav-

* Original manuscript received by the IRE, December 9, 1958;
revised manuscript received, February 19, 1959,
t National Bureau of Standards, Washington, ). C.

ity cell; the unit of resistance, the resistance of a par-
ticular piece of wire, etc. For each quantity in physics,
we would have an independent unit for measuring that
quantity and the magnitude of each unit would be fixed
by the standard embodying it.

\What are the faults of such a system? One of its dis-
agreeable aspects is that, with units so chosen, it would
be a rare case of good fortune if we found that the equa-
tion E=1IR holds. \We would find, of course, ExIR.
Each physical law expressed in the form of an equation
would require a different factor of proportionality to re-
late the sizes of the units involved. However, if we have
selected our standards for such a system with good
judgment, we would have an excellent set of standards
and we could measure physical quantities with great
accuracy in terms of the unit embodied by the stand-
ards. Also, we could select the standards so that all units
would be of convenient size for practical use.

We can exercise a little parsimony in our choice of in-
dependent standards by selecting only a few to fix the
units of several quantities and have the units for other
quantities fixed by physical equations. Thus, for ex-
ample, having independent units for electromotive force
and resistance, we can write ] =2E/R to define the unit
of current. We can simplify things by setting £ equal to
unity. How far can we go in our parsimony? What is the
smallest number of arbitrary, independent units and
standards which are required for a measuring system?

The founders of the metric system sought to reduce
the number of independent standards by defining the
gram as the mass of one cubic centimeter of water, leav-
ing the meter as the one independent unit and adopting
a constant of nature, the density of water, to fix the unit
of mass. For reasons to be discussed later, they found
this unsatisfactory. Ilad it worked we would have found
it convenient for it would be necessary for measuring
laboratories to compare only meter bars. Each could
then set up consistent units of area, volume, and mass,
depending only on the meter bar.

We can sce that with a system such as this an entire
system of measuring units can be built up based upon a
single arbitrary, independent standard. The unit of
time could be the time of swing for a one-meter pendu-
lum, or the time light takes to travel one meter. Other
units could be defined by various equations as we did
before for the unit of electric current.

If we set all of the constants in our defining equations
cqual to unity, we will find this system very convenient
for theoretical work, for most equations are in their
simplest form. But we will not find the system good for
experimental work because many of the quantities most
frequently measured in physics would not be measurable
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with sufficient accuracy in terms of the units prescribed
for them.

Thus we see that we can have a multi-unit multi-
standard system in which all units and standards must
be regarded as “basic.” Also, we have seen that we can
have a single-standard system in which only one quan-
tity is taken as basic. Is this the limit to which our
parsimony can go? Can we have a consistent system of
measurement with no standard at all? The answer to this
is, ves, and a moment’s reflection will show that it can
be done in a number of ways.

To illustrate one of the many ways this can be done,
suppose. we rewrite the electromagnetic wave equation
9%p/0t: = 3%p/dx? iustead of 8¢/ = c*d%p/dx?, the quan-
tum equation I =v instead of E=/hv, the gravity equa-
tion F=mymy/r* instead of F=Gmmy/r}, and the
molecular energy equation E=(3/2)T instead of
E=(3/2)kT. Now with provisional measuring units of
arbitrary size we can perform various experiments in-
volving these equations, assuming that other equations
of physics are written in their conventional forms. We
then solve the results obtained and find what values we
must assign to our provisional units. If these sets of ex-
periments are performed by different people, they will be
in agreement on the sizes of their units.

The necessary experiments already have been per-
formed, using our conventional units of measurement,
so that we can write down the equivalence of these in
our new units as shown in Table I. To put it another

TABLE 1
AprrPrOXIMATE VALUES OF CoONVENTIONAL UNITS IN TERMS
oF UN11s DERIVED 8Y SETTING ¢, G, I, B AND
& lLouaL To UNITY

One meler

Oune second !
One kilogram i
One degree Kelvin l

2X10% length units

8 X 10% time units

2%107 mass units

2X 1078 temperature unit
2X 1075 power unit
2X10%7 charge units

Oue watt
One coulomb

way, what we have done is to assign the value unity to
the speed of light ¢, Planck’s constant #, the universal
gravity constant, G, and Boltzmann’s constant k. If we
also set po and €, which we call the permeability and
permittivity of space equal to unity, as we may do con-
sistently since ¢ is unity, further interesting results are
obtained. We now find that the units of the electrostatic
system and the electromagnetic system as defined by
Coulomb’s equations are of identical magnitude; the
unit of electric charge is about 4.8 X107'* coulombs,
which is approximately equal to the nuclear charge for
the elements where the percentage mass defect is a
maximum; the electronic charge is given exactly by
e=+/a/2m, where a is the well-known Sommerfield fine-
structure constant, approximately equal to 1/137,
Eddington’s magic number! Also the unit of energy is
exactly the cnergy released when one unit of mass is
annihilated in accordance with Einstein’s equation
E=mc.
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In spite of a number of appealing features of this sys-
tem we cannot recommend it for practical use. Because
of the uncertainty involved at the present time in relat-
ing experimentally the gravitational constant to other
quantities of physics, the magnitudes of the units so de-
fined would have an uncertainty in their practical re-
alization of about 1 part in 1000. We can, of course, use
some other constant instead of G and thus reduce the
uncertainties, but they would still be much greater
than we can afford to have them.

We now ask ourseclves if we have really eliminated
standards from our system by this procedure. Have we
not made ¢, I, G, k, and ¢ our new standards? Are these
not our new “basic” quantities of physics? This is all a
matter of point of view.

Some of these concepts may seem heterodox to those
who have been indoctrinated in the trinity of mass,
length, and time as fundamental units. They have been
touched on here because some smattering of them is
necessary to understand the system of units and stand-
ards currently used by physical scientists of all nations
of the world. They serve to illustrate the requirements of
a system of units and standards for an adequate meas-
uring system, requirements which are very well met by
our present system.

OUR PRESENT UNITS AND STANDARDS

The authors of the metric system intended that the
meter should be one ten-millionth of the length of the
north polar quadrant of the Paris meridian, demonstrat-
ing a desire that a measuring system be based on somc
natural magnitude which would remain constant, a de-
sire which still exists with metrologists. But they soon
found that they could compare two meter bars with cach
other with greater precision than they could relate thein
to the earth’s quadrant.

Similarly, they found that the masses of two metal
cylinders weighing about one kilogram each could be
compared with each other more precisely than either
could be related to the mass of 1000 cubic centimeters
of water which was supposed to define them. Thus, the
pioneers in precise metrology found that greater pre-
cision in measurement could be achieved if they adopted
some readily measurable artificial things for standards
than if they adopted less readily measurable things of
nature.

Accordingly, the International Commission of the
Meter, meeting in 1872, resolved to take the meter in
the Archives of Paris “as is” (dans ['état on il se trouve)
for the standard of length. Similarly, they adopted the
platinum-iridium kilogram of the Archives as the
standard of mass, “considering that the simple relation-
ship, established by the authors of the metric system be-
tween the unit of weight and unit of volume, is repre-
sented by the actual kilogram in a sufthciently exact
manner for the ordinary uses of industry and science

. and that the exact sciences do not have the self-
same need of a simple numerical relationship, but only



638

of a determination as perfect as possible of this relation-
ship.” Three years later many of the leading nations of
the world signed the treaty of the meter which created a
procedure for coordinating the standards of measure-
ment for the scientific world through an International
Bureau of Weights and Measures and a General Confer-
ence of \Weights and Measures.

For many years no new standard for time was
adopted, the ancient definition of the second as 1/86,400
part of a mean solar day being retained. A separate and
independent standard for temperature measurements
was adopted and changed a number of times until, in
1954, the thermodynamic temperature scale was based
on the triple-point temperature of water as 273.16°K.
Other units were defined in terms of the units embodied
by these standards by agreed-on equations of physics.

Thus, our system of units and standards does not
follow either of the extreme types of systems described
in our introduction. Four, and four only, independent
standards have been adopted to which we attach the
name prototypes. The reasons for this are clear. They
are standards for quantities which can be measured
very accurately and they are standards which we be-
lieve can be preserved or re-produced, as in the case for
the standard of temperature, very accurately. Further-
more, standards for other quantities can be constructed
from them with adequate accuracy in accordance with
the defining physical equations.

FroxM PROTOTYPES TO ELECTRICITY STANDARDS

As pointed out before, we could establish our stand-
ards of electricity and magnetism with the same degree
of atbitrariness that we used for the prototypes. How-
ever, it is not desirable that we do this, for then the
units of electrical and mechanical power would not be
the same unless we cluttered up the equations of electric-
ity and magnetism with an unnecessary number of
numerical constants. Furthermore, standards for the
more useful electric quantities may be established in
terms of the prototype standards with great accuracy,
as shown by Silsbee.!

In the early days of research in electricity and mag-
netism, there was no way to measure these phenomena
accurately. The strength of a current was measured by
the deflection of a compass needle which the current pro-
duced, but, since the deflection depended on the
strength of the earth’s magnetic field, two observers in
different places could not compare their results. Varia-
tions in the strength of the geomagnetic field from place
were measured by timing the oscillations of a “perma-
nent” magnet which, even in those days, was known to
be far from permanent.

C. F. Gauss first showed how magnetic and electric
quantities could be measured accurately in terms of the
units used for mechanical quantities which are embod-
ied in relatively invariant standards. This is the well-
known magnetometer experiment which every student

' F. B. Silshee, “The ampere,” this issue.
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of physics and electrical engineering must have per-
formed. That Guass thoroughly understood what he
was doing we must presume. That he anticipated the
reverence and mysticism with which future generations
of scientists would regard the units of mass, length, and
time is not likely. It is clear from the writings of those
who followed him that they recognized a duplicity in
electric units (esu) and magnetic units (emu) and that
they could not simultaneously set € and g in these sys-
tems equal to a dimensionless unity and still retain the
generally agreed-on unit of time as well as the metric
units of length and of mass.

Thus, in the early days of electromagnetic science,
the systems of units were not on a satisfactory basis
since electric and magnetic units were conflictingly de-
fined. Nor was the situation remedied by combining
the esu and emu systems into that bifurcated system
which falsely is called Gaussian. A further disagreeable
feature is that some of the units in both systems are of
inconvenient size, and are not even approximately equal
to the units for voltage, current, and resistance which
had been adopted by the communications engineers of
that day.

To resolve these difficulties, Giorgi proposed that one
more arbitrary unit and a standard for it, this time for
an electric quantity, be added to the system. By suit-
ably choosing this new unit we can make the MKS units
and the practical electrical units form a consistent sys-
tem. What we mean by this is that equations of the type
W =I*R would be valid if I and R were expressed in the
electrical units and W is expressed in MKS units. Of
course, Coulomb's equations for the force between unit
electric charges and between “unit magnetic poles”
would contain constants of proportionality other than
unity just as does the equation for the gravitational at-
traction between two-unit masses, as it is ordinarily
written,

Giorgi’s proposal found such increasing favor among
scientists that in 1946 the International Commission on
Weights and Measures adopted it in principle. But in-
stead of adopting a new independent unit and a stand-
ard for it, they redefined the ampere! in accordance with
another suggestion of Giorgi in such a way as was equiv-
alent to rewriting the equation for the force between
two infinitely long current-carrying conductors. The old
emu equation for force per unit length for unit separa-
tion of the conductors was F=2/2, where F is in dynes
and I in abamperes. The new form of the equation be-
came F=2u,I%/4m, where Fis in newtons, I in amperes,
and po has the value 4w X107, if rationalized equations
are used. It follows from this that the equation for the
force between two charges is F=(Q,Q:/4meoR? and, if F
is in newtons, Q, and Q; in coulombs, and R in meters,
the equation is correct if € is given by 1/uec?, where ¢
is the speed of light in meters per second.

The present-day system of electric units is known as
the MKSA system. It is important to recognize that
the unit for electric current, the ampere, does not oc-
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cupy quite the same position in it as the meter, kilogram,
and second, for they are prototype units and their
values are fixed by their independent, proper standards.
On the other hand, the value of the ampere is fixed in
terms of them as given by an equation involving an
arbitrarily adopted constant of proportionality. Thus
the position of the ampere today is somewhat like that
of the kilogram in the scheme proposed by the founders
of the metric system.

We can measure all physical quantities directly in
terms of the prototype standards, but following this
procedure in all measurements is inconvenient, inac-
curate, and imprecise. For this reason we construct
standards for various derived physical quantities and
assign values to them in terms of the corresponding unit
as derived by experiment from defining equations in-
volved and the units fixed by the prototype standards.
It is clear that, however carefully we perform the ex-
periments in deriving these standards, they can never
have the exactness inherent in the prototype standards.
How these errors enter our derived standards is dis-
cussed in detail by Silsbee! and Engen.?

Among the most accurate of the derived standards
are those for some of the electric quantities. Because of
this high accuracy and the convenience of making elec-
tric measurements, these standards are often used for
measuring other quantities. We measure the heat of
combustion of fuels, for example, by comparing the heat
evolved when they are burned in a calorimeter with the
known heat evolved by the passage of an electric cur-
rent through a resistor. The results are given directly
in joules, the internationally agreed-on unit for heat,
but many chemists foolishly divide the results by 4.1840
to convert them to calories.

We can see how well our measuring system works in
practice by examining how well various physical quan-
tities can be measured in terms of the prototype stand-
ards. Several typical quantities are listed in Table I
with estimates of the uncertainties involved in the best
measurements of standards for these quantities at the
National Bureau of Standards. The uncertainties are ex-
pressed in two ways, those of accuracy and those of pre-
cision. Under precision are placed the uncertainties in
comparing two nominally identical standards for the
quantity involved. Under accuracy are placed estimates
of the uncertainties in relating the derived standards to
the prototype standards. The uncertainties correspond
approximately to “probable errors.” No entries under
accuracy are given for the meter, the kilogram, or the
triple-point temperature of water since they are “ac-
curate” by definition. The quantity, time, is not in-
cluded in the table because it involves some considera-
tions which will be treated at length later.

The table illustrates a number of interesting charac-
acteristics of our measuring system. The greatest pre-
cision is attained in measuring the quantities which

2 G. F. ingen, “A refined X-band microwave microcalorimeter,”
to be published.
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have been selected as the basis of our system. In all
cases illustrated except one, maximum precision is
achieved when the magnitude of the quantity is the unit
for the quantity. In all cases there is a decrease in ac-
curacy for standards which embody a multiple or sub-
multiple of the selected unit. Derived standards are
subject to considerable inaccuracy, and this inaccuracy
increases with the experimental complexity involved in
relating them to the prototype standards. However,
derived standards may be compared with similar ones
with a precision far greater than the accuracy of the
particular standard involved.

TABLE 11

EsTIMATES OF AccUrACY AND PRrecisioN IN
MiEASURING PHYSICAL QUANTITIES

Uncertainty in
Physical parts per Million

quantity Device

Magnitude

| ..
Accuracy |Precision

Length Meter bar 1 meter — 0.03
Gage block 0.1 meter 0.1 0.01
Geodetic tape 50 meters 0.3 0.10
Mass Cylinder 1 kilogram — 0.005
} Cylinder I gram 1 .03
Cylinder 20 kilogram 0.5 0.1
Tempera- | Triple-point cell 273.16°K ' — 0.3
ture Gas thermometer 90.18°K {100 20
Optical pyrometer| 3000°K | 1300 ; 300
Resistance | Resistor |1 ohm 5 0.1
| Resistor ’ 1000 ohms 7 1
| Resistor 0.001 ohm | 7 ’ 1
Voltage | Standard cell | 1 volt } 7 0.1
Volt box- '
standard cell | 1000 volts 25 10
Power DCI Standard cell- l
resistor ’ 1 watt 11 1.5
60 cvcle | Wattmeter 10-1000 watts | 100 50
X-band l Microcalorimeter | 0.01 watt 1000 100

The maintenance and establishment of standards for
all kinds of physical measurements is the basic responsi-
bility of National Bureau of Standards. Fulfillment of
this task requires development of precise measurciment
techniques and prosecution of basic research in most
fields of the physical sciences. For a standards program
is not a static program. Growing technology requires
more and more standards, extension of the range of
existing standards, and improvement in accuracy. For
example, the rather poor accuracy associated with
measurement of microwave power is not due to difti-
culties in the experiment alone, but partly to the fact
that accurate measurement of microwave power is a
recent requirement of our technology. It is interesting
to note that the old “International” Ohm as embodied
in the standard specified for it by the International
Conference on Electrical Units and Standards in 1908,
and used until 1948, differed from its theoretical value
by about 500 parts in 1,000,000.
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Privsical, CONSTANTS As STANDARDS

The desire of metrologists to have their units of meas-
urement embodied in indestructible, immutable stand-
ards was evidenced by the founders of the metric sys-
tem. There are good practical reasons for this desire
apart from its aesthetic appeal. If realized, we would be
assured that measurements made at one time would be
strictly comparable with those made at another, unless
the substances and the laws of physics are themselves
changing with time. But most important is the circum-
stance that cach adequately equipped laboratory could
have its own set of standards known to be identical
with those of a similar laboratory without the need for
regular intercomparisons.

We have scen how, in the early days of the metric
system, it was necessary to abandon this desire in order
to achieve the greatest precision in measurements. To
what extent are we now able to substitute physical con-
stants for the artificial standards of our measuring sys-
tem without impairing accuracy? We should like, of
course, to adopt physical constants of the most basic
nature to set the scale of our measuring svstem, such
as G, I, ¢, and &, but, as we saw, precise measurements
cannot be made in terms of them. Improvement can be
obtained by abandoning G and using another constant
instead of it, but the improvement is not enough.

We can gain considerable improvement in precision,
though with a sacrifice of elegance, by selecting less gen-
eral physical constants as the standards for our measur-
ing system. In fact, this already has been done for one
physical quantity, temperature, since the number 273.16
is assigned to the triple-point temperature of water on
the thermodynamic Kelvin scale. We can sce what an
advantage this is, because anyone versed in the art of
temperature measurements can construct his own
triple-point cell and establish the standard of temper-
ature which can be realized with a precision of two or
three ten-thousandths of a degree. Furthermore, this
standard can be re-produced at any time in the future
with complete confidence that the standard will be the
same. (The definition is still deficient in that the isotopic
composition of the water is not specified, but this fault
will probably be corrected in the near future.) Pleasing
to think about, although of no immediate advantage, is
that a man on Mars, or even in some other solar system
or galaxy, could establish the same standard for tem-
perature measurement as we use on the earth.

I establishment of a standard for the temperature
scale were all there were to temperature measurements,
our task would be simple and dull. We must make tem-
perature measurements over a wide range, and we must
be able to express our measurements over this range with
asgreat an accuracy as possible in terms of our standard.
This led to extensive rescarch in the Bureau on phenom-
ena involving temperature and the atomic constants
which are needed for measurement of temperatures by
Planck's radiation law., Outgrowth of this work in-
volved some of the pioneer precise measurements of the
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energy levels of excited atoms in the days when Bohr's
theory was still an hypothesis.3

By taking a physical constant to define our temper-
ature scale we have gained a great deal and lost nothing
in precision of temperature measurements. There does
not appear to be any better way to establish a standard
for temperature. This is not true for all the other proto-
type standards.

Can we replace the standard for length by a natural
standard, sav, the wavelength of some chosen spectral
line? Babinet proposed this in 1827, but 65 vears passed
before the first measurements were made to reduce this
to practice by Michelson and Benoit in 1892-93. flow-
ever, the use of a wavelength for a standard of length
instead of the meter bar is not without fault.

By precise spectroscopy we can compare wavelengths
of two highly monochromatic spectral lines with a pre-
cision of a few parts in 10° Thus, if a suitable spectral
line is accepted as a standard of length, this would also
be the approximate accuracy with which good spectral
lines can be measured. But the task of measuring a
material standard in terms of a wavelength standard is
more difficult. Since the pioneer measurements of
Michelson and Benoit, cight determinations of the re-
lationship between the wavelength of the red line of
cadmium and the length of the meter have been per-
formed. From concurrence of the results, the probable
error of the precision of a single determination is cal-
culated to be 1 part in 107. This s somewhat inferior to
the precision with which two meter bars can be com-
pared. Also the wavelength measurements may be sub-
ject to systematic errors affecting all determinations
alike. The Bureau has graduated a meter bar directly
using the accepted value for the wavelength of the cad-
mium line as a standard. Subsequent comparison of this
meter bar with others indicates a discrepancy in the
graduation consistent with the above results,

The cadmium red line originally used by Michelson
is not the best line for precision spectroscopy. To ob-
tain a better line, Meggers, Chiel of the Bureau's Spec-
trographic Section, developed a new lamp.* Earlier,
Michelson had suggested the use of the mercury green
line as a wavelength standard, but this was found to
have too much fine structure because mercury in nature
consists of seven isotopes, two of which have nonzero
spin. To cure this fault Meggers used mercury 198,
which has zero spin. This was produced in pure form by
bombarding gold, which has only one staple isotope, 197,
with neutrons. This lamp gives much clearer interfer-
ence patterns, but, to excite the radiation, it is necessary
to have some argon in the lamp. The wavelength of the
mercury radiation depends on the argon pressure, so
that leakage of argon will affect the standard.

*P. D. Foote and F. R, AMohler, “Determination of Planck’s
constant k by electronic atomic impact in metallic vapors,” J. Opt.
Soc. Am., vol. 2-3, pp. 96-99; 1919,

*W. F. Meggers, “A light wave of artificial mercury as the ulti-
mate standard of length,” J. Opt. Sac. A m., vol. 38, pp. 7-14; 1948,
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Since wavelengths emitted depend on conditions of
excitation, experiments have been conducted with
lamps containing krypton 86 held at constant pressure
by immersion in liquid nitrogen at its triple point. Vari-
ous national laboratories have found this wavelength
standard so satisfactory that the International Com-
mittee on Weights and Measures in October last year
recommended that the General Conference, which
meets in 1960, redefine the meter in terms of wavelength
of a specified krypton line, and suggested a number for
this equivalence based on the measurements of the cad-
mium wavelengths and comparisons of the wavelengths
of the cadmium and krypton lines.

The effect of this redefinition, if it is adopted by the
General Conference, will not be marked. The meter has
never been related directly to the chosen krypton line,
but the interrelations are sufficiently well known that
any differences will probably be within the uncertainties
of measurement now existing. It will have the effect of
embodying the unit of length in what we believe to be
an immutable standard and thus fulfilling an old aspira-
tion. Meter bars, gage blocks, etc., will continue to be
used as standards for the kinds of measurements for
which they are suited. Every once in a while the length
of meter bars will be redetermined in terms of the wave-
length of light, instead of determining the wavelength
of light in terms of the international meter bar.

The possibility of embodying our unit for time in a
physical constant is even more attractive. We can
measure time, and its reciprocal, frequency, with the
greatest precision of any physical quantity. For exam-
ple, we may compare the ratio of the average frequencies
of two oscillators over concurrent time intervals with as
great a precision as we choose. The limit is set by how
long the oscillators will operate and how many cycles we
wish to count, but such comparisons are pointless if the
frequencies of the oscillators are not relatively stable
over the interval involved. Conversely, we may meas-
ure time with equal precision by counting cycles of a
particular oscillator, assuming its frequency is constant.

There is a serious problem in measuring time accur-
ately. We can lay two meter bars side-by-side and com-
pare their lengths. If, by subsequent comparisons, we
find that their lengths have not changed relatively we
have confidence that our length standards have not
changed. But there is no way to lay two time intervals
side-by-side; we must rely on the stability of an oscil-
lator to compare time intervals. Man-made oscillators
show drifts in frequency with respect to each other, and
since oscillators are not passive things like meter bars
and kilogram weights, we expect them to drift.

To obtain a good standard for time and frequency we
adopted first an astronomical constant, the rotational
frequency of the earth which had been regarded as
constant since the days of Joshua. Man-made oscillators
were used to interpolate for shorter intervals of time
and the second was defined as 1/86400 of a mean solar
day. Since the apparent solar day varies throughout the
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year due to eccentricity of the earth’s orbit, astronomers
kept track of time by observing star transits, in relation
to which earth’s rotation is much more uniform.

Precise astronomical observations revealed that this
standard was not good enough. The frequency of rota-
tion of the earth is changing with respect to the revolu-
tions of the moon about the earth and the earth about
the sun, when allowance is made for perturbations of the
revolution time. All planetary motions are in substan-
tial accord. In addition to a gradual slowing down,
which is to be expected from tidal friction, there are
erratic fluctuations in rotational speed. For this reason
astronomers carry out their more precise calculations in
ephemeris time, which is based on planetary motiouns.

With the improvement of quartz-crystal oscillators,
seasonal fluctuations in the earth’s rotation with respect
to the stars have appeared. Though the oscillator fre-
quencies drift, they drift monotonically, allowing us to
measure these seasonal fluctuations which amount to 1
part in 108 Correcting for this seasonal fluctuation,
astronomers® have established a more uniform time
scale, called UT?2, good to 1 part in 102, tied in with the
earth’s rotation, and hence subject to effects of long
term changes.

So we see that even the smoothed rotation frequency
of the earth is not good enough for a standard. Accord-
ingly the second was redefined in 1956 by the Inter-
national Committee on Weights and Measures as
1/31556925.9747 of the tropical year 1900 at 12 hours
ephemeris time. Why this strange definition? Why not
take the sidereal year or the anomalistic vear? The
lengths of all these years change in known, highly
regular ways, so that specification of any epoch was
necessary. \We chose the tropical year, which is the time
between two successive passages of the center of the
sun across the celestial equator in the same sense, be-
cause accurate tables were already available for its
variation, based on the epoch 1900.

The need for a better standard of time became urgent
during the past decade with the improvement in micro-
wave techniques. Microwave terms in the spectra of
molecules and atoms were being measured with in-
creased precision. The Bureau began to explore these
phenomena as the basis for constructing more stable
oscillators.® Before 1952 Lyons and his co-workers at the
Bureau” had measured the microwave resonance in the
ground state of the cesium atom with a precision of 1
part in 107. Essen and his co-workers® at the National
Physical Laboratory a few years later increased this
precision to a few parts in 101, [t is likely that greater

¢ U. S. Naval Observatory, “The Naval Observatory Time Serv-
ice,” Circular No. 49; 1954.

¢ B. F. Husten and H. Lyons, “Microwave frequency measure-
ments and standards,” Trans. ATEE, vol. 67, pp. 321-328; 1948,

7 |. E. Sherwood, Il. Lyons, R. H. McCracken, and P. Kusch,
“High frequency lines in the hfs spectrum of cesium,” Phys. Rev.,
vol. 86, p. 618; 1952.

8 L. Essenand J. V. L. Parry, “The caesium resonator as a stand-
ard of frequency and time,” Phil. Trans. R. Soc., London, vol. 250,
pp. 45-69; 1957,
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precision can be attained in measuring the cesium fre-
quency and also other atomic frequencies such as those
of rubidium, as was indicated by recent work of Bender
and Beaty of the Bureau and Chi of the Naval Research
Laboratory.? Since the frequencies of these resonances
depend on energy levels of the atoms involved, and since,
in the case of the cesium, independent experiments have
agreed to within the limits of precision, we may pre-
sume that they can serve well as standards for time and
frequency.

low can we relate these resonance frequencies to the
defined unit of time, the ephemeris second? Since the
second is defined by an event which occurred over 50
years ago we must measure the resonance frequencies
in terms of current values of the UT2 second, and then,
through observations on the moon, relate the UT2
second to the ephemeris second. This was done!® re-
cently, based on four vears of observation of the moon,
showing that the ephemeris second corresponds to
9,192,632,770 + 20 cvcles of the cesium frequency. This
is much less precise than the defined value of the second
or the precision with which the cesium resonance can be
observed.

We have no hope of relating the atomic resonances
to the ephemeris second with much greater precision in
the near future. We thus are faced with the fact that
atomic constants are much better standards for time
and frequency than astronomical constants. Further-
more, as standards they are much more accessible than
the astronomical constants which require long years of
observation to compare them precisely with other quan-
tities. Clearly, we are able today to improve our stand-
ard for time by selecting one of the atomic resonances
and defining the second in terms of it, making the defini-
tion such that the new definition will agree as closely as
feasible with the present one.

The frequencies broadcast by the Bureau’s stations
WWV and WWVH are now monitored and kept as
constant as possible by reference to the cesium reson-
ance. The intervals between the seconds pulses are
maintained in the same way. Therefore the seconds
pulses gradually get out of step with mean solar time.
When the difference becomes great enough the pulses
are shifted by exactly 20 milliseconds to bring them back
in. Thus we are already using two kinds of time, atomic
time—that's for the scientists—and mean solar time—
that's for the birds and other diurnal creatures.

These attempts to improve time and frequency meas-
urement may seem a quest for precision for precision’s
own sake, a futile pushing of the decimal point. But this
is not correct. It is an attempt to establish standards so
that we may learn what physics lies beyond the decimal
point. For such things have Nobel Prizes been awarded.

9 P. L. Bender, E. C. Beaty, and A. R. Chi, “Optical detection of
narrow Rb#" hyperfine absorption lines,” Phys. Rev. (letter), vol. 1,
pp. 311-313; 1958.

10 \V. Markowitz, R. G. Hall, 1.. Essen, and J. V. L. Parry, “Fre-
quency of cesium in terms of ephemeris time,” Phys. Rev. (letter),
vol. 1, pp. 105-107; 1958.
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We have already learned that the earth turnsirregularly
on its axis. Now we ask, do time scales based on astro-
nomic, atomic, and molecular processes change with
respect to each other as some think they might? (The
ammonia maser depends on molecular processes for its
frequency stability.) Perhaps from these newly achieved
precisions and those soon to be achieved we may even
be able to resolve experimentally the famous clock
paradox of relativity!

We see that, of the four prototype standards, one is
already embodied in a physical constant. Another seems
about to be, and a third one is ready to be. \What about
the standard of mass? We can see no way of embodying
that in a physical constant at present without detract-
ing from the accuracy of our system. \Ve seem to be
“struck” with the platinum-iridium kilogram. And is
that bad?

Table Il showed that the kilogram is the most pre-
cisely measurable of our prototype standards, that un-
certainty in comparing it with other masses is about as
small as the uncertainty in comparing the cesium second
with the ephemeris second. \What could cause the kilo-
gram to change? Any damage to it which would remove
1 in 10 of its mass by a scratch or nick would be per-
ceived readily by the naked eve. The oxidation of plat-
inum at normal temperatures is so slow it has never
been measured and no sign of an oxide coating on the
metal has ever been noticed. \We know of one calculable
change which will take place in it. One of the isotopes
of platinum, Pt 190, is radioactive. It undergoes a-
decay with a half-life of about 10 years. Since the
abundance of this isotope is only 0.012 per cent it will
take about 10® years for it to produce a change as great
as the imprecision of measurement. We do know that
the Arago kilogram, produced during the first half of
the last century, has exhibited a loss of mass of the
order of a few milligrams. This kilogram was forged
from sponge platinum and must have had inclusions of
gas which escaped. The kilograms of today are of fused
metal and free from changes of this nature. There ap-
pears to be no good practical reason for replacing the
kilogram with a physical constant.

Physical constants are extensively used for derived
standards and for standards embodying magnitudes
differing greatly from the defined unit. The Interna-
tional Temperature Scale, which is an approximation to
the Thermodynamic Scale, is based on the equilibrium
temperatures of various substances. lligher temper-
tures are measured in terms of the constants in Planck’s
radiation law. The speed of light is employed in the
measurement of large distances in optical and radio sur-
veying. The gyromagnetic precession frequency of the
proton,! which has been measured with great accuracy
at the Bureau, affords a means of comparing two differ-
ent magnetic fields with high precision. Many other
physical constants, too numerous to mention, find em-
ployment in extending the range of physical measure-
ment. The determination of the values of these many
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constants with the greatest possible accuracy in terms
of our prototype standards is one of the main tasks of
the Bureau.
CoNcLUSsION

Our measuring system has developed over the years
in such a way as to provide the maximum of precision
and accuracy in measuring the many quantities of
physics. The standards chosen from time to time to pre-
serve the magnitudes ol the units were sufficiently
measurable and durable to meet the needs of their
days. As scientific advancement required better stand-
ards, the persons responsible for preservation of the
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system have been ready to adopt new standards for the
old ones. Thus we see a transition taking place now from
a system based on man-made standards to a system
based mainly on physical constants, as far as this is
possible.

The prototype standards seem to need little improve-
ment. The advances which we must make in our me-
trology are in extension of the range over which ac-
curate measurements can be accomplished. Particu-
larly, we need to develop techniques to measure ac-
curately new quantities and new aspects of old quantitics
to meet the requirements of our expanding technology.

The Ampere”

I. B. SILSBEEf

Summary—The purpose of this paper is to supplement the pre-
ceding paper! by describing in some detail the various measuring pro-
cedures and supporting research which must be carried on by a na-
tional standardizing laboratory to meet its responsibilities related to
a single one of the many units of measurement on which modern
science, engineering and industry are based. The example chosen is
the ampere, the unit of electric current in the MKSA system. The
tasks involved naturally fall into five successive stages, namely; the
definition, establishment, maintenance, extension and dissemination
of the unit.?3

DEFINITION OF THE AMPERE

LLMOST a century ago, a committee of the British
Association for the Advancement of Science,
under the chairmanship of Clerk Maxwell and

guided by the ideas of Weber and Gauss, defined an
electrostatic and an electromagnetic system of electric
and magunetic units based upon the centimeter, the
gram, and the second, as the fundamental mechanical
units. For the electromagnetic system, the further as-
sumption was made that the permeability of empty
space was to be regarded as a dimensionless quantity
numerically equal to unity. (In the electrostatic systemt,
the permittivity of emptyv space was regarded as a
dimensionless quantity numerically equal to unity.)
The resulting electromagnetic units of voltage and re-
sistance were found to be inconvenient in magnitude;

* Original manuscript received by the [RE, December 9, 1958;
revised manuscript received February 19, 1959.

t National Bureau of Standards, Washington, D. C.

''A. G. McNish, “The basis of our measuring syvstem,” Proc.
IRE, this issue, p. 636.

2 F. B. Silsbee, “Establishment and Maintenance of the Electrical
Units,” NBS Circular 475; June, 1949.

3 F. B. Silsbee. “Extension and Dissemination of the Electrical
and Magnetic Units by the National Bureau of Standards,” NBS
Circular 53t; July. 1952,

and in the 1890's, units larger by factors of 10% and 10¢
and named the volt and the ohm, respectively, came
into use as the basis for the so-called “practical” electri-
cal units. To retain the coefficient in Ohm’s Law at the
convenient value of unity required that the practical
unit of current, the ampere, should be 1/10 of the cys
electromagnetic unit.

At that time it was considered important that the
electrical units be so defined that they could be repro-
duced in any laboratory with a minimum of inconven-
ience. In the case of electric current, there was wide use
of the coulometer, in which the amount of metal de-
posited from an electrolytic solution in a measured time
is taken as the measure of the average current. In 1908,
an intern *ional electrical congress was held in London,
at which tie “International Ampere” was defined as the
unvarying current which would deposit silver at the
rate of 0.00111800 gram per second from an aqueous
solution of silver nitrate.

With the establishment of national standardizing lab-
oratories in the industrial nations, the need for ready
reproducibility of the ampere became much less im-
portant. The succession of studies at the National
Burcau of Standards of the silver coulometer and of the
iodine coulometer, which had been suggested as an al-
ternative basis for the definition of the ampere, had
shown disconcerting discrepancies and sources of error;
there were, in particular, errors from the inclusion of
solution in cavities in the deposited silver, the presence
ol complex ions, and later the recognition of the isotopic
complexity of silver. Other studies at the national lab-
oratories showed that methods of measuring the ampere
in terms of length, mass, and time, while still difficult
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and time consuming, were capable of fully as great an
accuracy as that obtainable by a coulometer. Accord-
ingly, effective January 1, 1948, the International Con-
ference on Weights and Measures, which by interna-
tional treaty has authority to coordinate the standards
of measurement in the field of electricity as well as of
length and mass, promulgated as the definition of the
ampere:

“The ampere is the constant current which, if main-
tained in two straight parallel conductors of infinite
length, of negligible circular sections, and placed 1
meter apart in a vacuum, will produce between these
conductors a force equal to 2 X 1077 mks unit of force
per meter of length.”

ESTABLISHMENT OF THE AMPERE

The particular geometrical arrangement described in
the foregoing definition is excellently adapted to concise
and precise wording and therefore to forming the basis
for legislative actions. On the other hand, the mechani-
cal force involved is so small that the simple arrange-
ment as described is not appropriate for the accurate
experimental realization of the ampere. Use is therefore
made of more complicated circuit arrangements, in
which the force produced electromagnetically between
two coils connected in series and carrying the current to
be measured is measured mechanically. With such an
arrangement, the mechanical effect is proportional to
the square of the current and to the derivative of the
mutual inductance between the two coils with respect
to some parameter such as a) the position of one coil
with respect to another coaxial with it, or b) the angle
between the axes of two concentric coils.

In the former (type a), usually called a “current bal-
ance,” one of the coils is suspended with its axis vertical
from one arm of a precision balance. The current is ad-
justed unti! the change in the mechanical force resulting
from a reversal of the direction of the current in one coil
is balanced by the addition or removal of a known mass
in a pan on the same arm of the balance. A balance of
this type was suggested by Lord Rayleigh, in which the
fixed coil consists of two parts, each of which is itself a
circular coil, the cross-sectional dimensions of which are
small compared with its radius. The single smaller mov-
ing coil is of similar shape and hangs midway between
the two halves of the fixed coil. The coils can be wound
with numerous turns of fairly fine insulated wire, thus
yielding a conveniently large mechanical force. A clever
feature of this arrangement is that the major term in the
mathematical expression relating the force to the cur-
rent involves only the ratio of the radii of the small
coil to that of either large coil, and this ratio of the ef-
fective radii may be determined experimentally by
bucking the magnetic effects of the two coils. The best
insurance against systematic errors lies in the compari-
son of measurements made by methods as different as
possible. This is especially important at a national lab-
oratory which has no source of higher accuracy to con-
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Fig. 1—Diagram of NBS current balance. The movable coil hangs in
the plane of the tap at the center of the single layer primary coil
One galvanometer serves for adjustment of equality of currents
in the two halves of the fixed coil. The other galvanometer bal-
anct}; the emf of the standard against the voltage drop in resis-
tor K.

sult. Hence, in this case, experiments with different
combinations of coil sizes were made and found to show
small but significant inconsistencies which were ap-
parently attributable to uncertainty in the exact loca-
tion of the current-carrying conductors. Accordingly,
this type of balance has been abandoned for one in
which the two parts of the fixed coil are the upper and
lower halves of a single-layer solenoid energized through
a tap at the center of its winding, while the moving coil
consists of a short single-layer solenoid concentric and
coaxial with the fixed coil. (See Fig. 1.) With this ar-
rangement the mechanical force is undesirably less (1.5
grams) with the balance of Driscoll and Cutkosky,* but
the position of the current-carrying parts can be meas-
ured with much greater accuracy, and the force per
ampere still can be computed though more complex
mathematics is required.

The apparatus of type (b) is usually called an electro-
dynamometer. Such apparatus, in a form originally sug-
gested by Pellat, has recently been used? to corroborate
the results by the current balance. In this apparatus a
relatively small (11.6 cm diam., 9 cm long) rotatable
coil, with its axis vertical, is placed concentric with a
long horizontal coil (28 cm in diam.) A lever arm (2§
cm long) attached to the movable coil can be loaded
with a weight (approx. 1.5 gram) suthcient to balance
the change in turning moment produced when the cur-
rent (1.02 ampere approx.) in the fixed coil is reversed.

In either of these types of apparatus a force is meas-

4 R. L. Driscoll and R. D. Cutkosky, “Measurement of current
with the National Bureau of Standards current balance,” J. Res.
NBS, vol. 60, pp. 297-305; April, 1958.

5 R. L. Driscoll, “Measurement of current with a pellet-type
electrodynamometer,” J. Res. NBS, vol. 60, pp. 287-296; April,
1958.
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ured by balancing it against the force, MG, of gravity
acting on a known mass, M. It is estimated that the un-
certainty in the generally accepted value of G® may con-
tribute at least 3 ppm to the over-all uncertainty in the
measurement of a current by such a method. Work is
now in progress in several laboratories in an effort to ob-
tain a better accuracy for g. Alternative methods have
been proposed in which the electromagnetic torque is
balanced by the torsional stiffness of a suspension. The
stiffness of the suspension in turn is evaluated by timing
the periods of a torsional pencdulum, which uses the same
suspension, before and after its moment of inertia is in-
creased by a definite and computable amount.

In October, 1946, the International Committee on
Weights and Measures had available data from experi-
ments at the British and American national laboratories,
using current balances of two types. On this basis it
recommended that each national laboratory should, on
January 1, 1948, shift the assigned values of its stand-
ards by such an amount as would bring them all into
agreement with a new value of the ampere equal to
1.00015 times the mean International Ampere as it had
been previously realized. For the NBS this factor was
1.000165.7

It is hoped that the various laboratories will maintain
their standards at the values thus assigned into the in-
definite future. If and when data derived by new and
better methods of establishing the ampere on the basis
of the “absolute” definition have become available, the
International Committee may recommend some further
adjustment in its value. In the meantime, the invention
and application of such new and more accurate methods
remains an important and continuing challenge to each
national laboratory.

Recent results at the NBS*® by both Pellat and the
NBS types of apparatus have shown an agreement to
5 ppm. The weighted mean by the two methods indi-
cates that the ampere as currently certified by the
NBS on the basis of the international agreement of
1946 is probably 1.000010 4 0.000005 absolute amperes.

MAINTENANCE OF THE AMPERE AND VOLT

It is, of course, not practical, even after the ampere
has been established with the utmost accuracy, to lay a
standard current aside on a shelf for future reference.
(It should be noted that by the use of superconducting
circuits maintained at liquid helium temperatures such
storage of a definite current is not only theoretically
possible but has actually been accomplished.) Current
procedure, therefore, is to arrange for the measured,
definitely known current to flow in a standard resistor
of known value and to compare the electromotive force
of a saturated standard cell with the voltage drop pro-
duced in the resistor by the measured current. This

¢ H. L. Dryden, “A reexamination of the Potsdam absolute de-
termination of gravity,” J. Res. NBS, vol. 29, pp. 303-314; No-
vember, 1942,

TE. V. Condon, “Announcement of changes in electrical and
photometric units,” NBS Circular 459; May, 1947,
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process enables one to assign the correct numerical value
in absolute volts to the emf of the standard cell. The
establishment of the proper value to use for the standard
resistor is yet another long story, for which space is not
here available.

For the short term maintenance of the ampere (or
more strictly speaking, for the maintenance of the abil-
ity to reproduce it readily at any time as desired) use is
made of reference groups of standard cells and of stand-
ard resistors. The saturated cadmium standard cell ex-
hibits an electromotive force which settles down a few
months after construction to a value which thereafter
normally remains constant for many years to one or two
parts per million. At the NBS, the reference group is
one of 50 such cells, manufactured at various times and
in some of which deuterium oxide has been substituted
for the water of crystallization and for the water used as
a solvent. Two or three times per year they are readily
intercompared with a precision of 1 in 107, If any cell
begins to show an abnormal rate of drift relative to the
mean of the others, it is removed from the group and re-
placed by another which previously had shown good sta-
bility while it was stored in the reserve stock. The ohm
is similarly maintained by a group of 10 standard re-
sistors of the double wall type.?

Intercomparisons with the units maintained by the
standards of emf and resistance of other national labor-
atories are made periodically at intervals of two or three
years at the International Bureau of Weights and Meas-
ures. The precision of these international comparisons is
slightly less than that between members of a reference
group because of the possibility of changes in the stand-
ards during shipment. Nevertheless these comparisons
with groups maintained in different countries under
quite different circumstances gives a valuable check on
the constancy of the units. For example, the best avail-
able estimate of the spread which developed between
the American ampere and the British ampere between
1910 and 1948 is 15 ppm. These values were readjusted
to a common basis on January 1, 1948,

There is, of course, always the possibility that the
standards of all the nations are drifting together in the
same direction at the same rate. Such comparisons
would not detect the drift. Attempts to check the con-
stancy of the ohm by the use of standards of pure ma-
terials such as platinum or mercury have not proved
satisfactory, largely because of the relatively large
temperature coefhcient of resistivity of all pure metals.
The development of new forms of standard cell involv-
ing radically different chemical reactions and therefore
not liable to the same rate of drift as the present cad-
mium cell, has received some attention and currently
is a challenging line for future development.

Of course, the repetition of experiments with any form
of current balance will give a definite assurance that the
unit has not drifted by an amount exceeding the accu-

8 J. L. Thomas, “Stability of double-walled manganin resistors,”
J. Res. NBS, vol. 36, pp. 107-110; January, 1946.
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racy with which the absolute measurement can be made.
Unfortunately, this accuracy (estimated at 5 ppm) is
not as great as that (about 0.1 ppm) with which stand-
ard cells or standard resistors can be intercompared.
Hence the repetition of absolute measurements at inter-
vals of a decade, while essential, is not completely satis-
factory. It is to be noted that such repetition of an abso-
lute ampere experiment with the same apparatus at a
later time is capable of checking the constancy of the
combination of standard cells and resistors with accu-
racy greater than that with which the absolute voltage
of the cell can be determined initially, because truly
constant crrors in the theory and design of the current
balance, being the same at the beginning and the end of
the interval, would cancel out in the computation of the
drift. The most recent such check in 1958¢ shows an
apparent decrease of 6 ppm in the ampere since the pre-
vious measurcment in 1942.° This is so small that it may
well be the result of experimental error.

It will be noted that during the period from 1908 to
1948, while the ampere was defined in terms of the rate
of deposition of silver, the faraday!® was a matter of
definition as being 96,494 international coulombs per
gram equivalent, and experiments with the silver cou-
lometer were the means for establishing the ampere.
Since January 1, 1948, the current balance has become
the means for establishing the ampere and the faraday
has become a natural constant to be determined experi-
mentally. Since it is now inherently a constant of nature,
a pair of experiments by which it was measured on two
successive occasions would constitute a check on the
constancy of the standards for the ampere between those
dates. lere also, constant errors, such as those arising
from uncertainty in the isotopic ratio of the supply of
silver used, would cancel out. A project currently near-
ing completion at the NBS on the determination of
the faraday! has as an anticipated by-product such a
check on the constancy of the ampere and the volt. Un-
fortunately, experimental difficulties would seem to
limit the accuracy of this check to about 10 ppm.

Recent work has developed a method for the measure-
ment of the gyromagnetic ratio of the proton in rela-
tively weak fields (e.g., 12 gausses) with an accuracy
approaching 3 ppm. This type of experiment seems to
offer possibilities for a valuable check on the constancy
of the ampere.” In this method a sample of water is
placed in the magnetic field produced inside a large
single-layer solenoid of accurately measured dimensions.
The sample is enclosed in a thin spherical glass or lucite
container about 2 cm in diameter. It is initially potar-

® R. W. Curtis, R. L. Driscoll, and C. L.. Critchfield, “An absolute
determination of the ampere, using helical and spiral coils,” J. Res.
NBS, vol. 28, pp. 133-158; February, 1942,

1A faraday is defined as the electric charge required for an
electrochemical reaction involving one chemical equivalent.

! D. N. Craig and J. 1. Hoffman, “Determination of the Faraday
Constant by the Electrolytic Oxidation of Oxalate lons,” NBS Cir-
cular 524; August, 1953.

=P, L. Bender and R. L. Driscoll, “A free precession determina-

tion of the proton gyromagnetic ratio,” IRE 'T'raxs. oN INSTRUMEN-
TATION, vol. 1-7, pp. 176--17; December, 1958.
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ized in a field of 5000 gausses produced by a permanent
magnet. It is then shot pneumatically into position in
the center of the single-layer solenoid. The magnet is at
a distance of over 40 feet and so oriented that it does not
affect the field at the solenoid. A short pulse of RF mag-
netic field at approximately the precession frequency is
then applied perpendicular to the main solenoid field.
This causes the proton magnetization to spiral out from
the solenoid axis and to start precessing around it in
synchronism. A signal is thus induced in a pick-up coil
close to the saumple. The frequency (about 32 ke) of this
signal is proportional to the field and is readily measured
with ample accuracy by electronically timing the inter-
val during which a predetermined integral number of
precession cycles occur. Once the proportionality factor
is known, the magnetic field at any later time can be
computed from the observed precession frequency and
the current can then be computed from the dimensions
of the coil. If the current is also measured in terms of a
standard cell and a standard resistor, a comparisou of
the two values of current will check the combined con-
stancy of the cell and resistor. Work is currently under
way looking toward the simplification of such experi-
ments as a check on the stability of thesc standards in
the future.

Still another method for checking the counstancy of
the ampere can be based on the resonance frequency at
which the rubidium atoms undergo a quantum transi-
tion in a magnetic field.® An absorption cell containing
rubidium vapor is placed at the center of a single-layer
solenoid which carries the current to be measured. A
circularly-polarized beam of light from a rubidium
vapor lamp, filtered to pass only the 7947 A line, passes
through the cell parallel to the axis of the solenoid and
is monitored by a photo cell. Under these conditions, as
a result of “optical pumping,” the Rb atoms tend to line
up with the field and absorb less light than if randomly
oriented. When a coil, with its axis perpendicular to the
field, is energized with RF of a frequency corresponding
to the Zeeman transition, the atoms will change their
orientations and the absorption will increase. The fre-
quency for the lowest transition is about 700 kc per
gauss. By sweeping the RF through its resonance value
and measuring the frequency at the minimum light
transmission, the field, and from it the current, can be
derived. It has been found possible to determine the
absorption frequency to better than 1 cps.

EXTENSIONS AND APPLICATIONS OF THE AMPERE

The ability to reproduce accurately a current of one
ampere at any time is, of course, merely the first step
in the problem of the measurement of electric current.
On this foundation, the next stages are to progress up-
wards and downwards to larger and smaller direct cur-
rents, and also to transfer the process of measurement to

3 T. L. Skillman and P. [.. Bender, “Measurcment of the earth’s
magnetic field with a rubidium vapor magnetometer,” J. Geophys
Res., vol. 63, pp. 513-515; [une, 1958.
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alternating currents, and thence to extend the methods
of measurement to higher frequencies and to pulses.

The extension to smaller currents involves the de-
velopment of more sensitive galvanometers** and pro-
cedures for calibrating them by sending a tiny current
through a large enough resistance to produce a voltage
comparable with the emf of a standard cell. At the ex-
treme of the range the construction of a stable and prop-
erly insulated resistor becomes a serious problem.

An alternative calibration procedure available at the
very low ranges in reality constitutes an independent
absolute measurement of current. It is based upon the
rate at which the charge transferred by the current
raises the voltage developed at the terminals of a known
capacitor. In this process the value of the capacitor is
determined in terms of frequency and the unit of re-
sistance, while the voltage measuring device is checked
against the standard cell.

Another line of approach to the measurement of small
currents is to introduce a “chopper” or reversing switch
by which the tiny direct current is converted to an al-
ternating current which can then be amplified elec-
tronically and measured at a higher level. Much re-
search and development is required to minimize the
numerous possible sources of error in such an arrange-
ment.

Several other developments to extend the range of
measurement to very small currents are based on a relay
principle. The slight motion of a galvanometer coil in
response to the current, while still too small for visual
detection, can be detected and measured by a sensitive
pick-up arrangement, which may take the form of a
mirror light-beam and photo cell, of a change in ca-
pacitance, or of a change in inductive coupling. The re-
sulting amplified signal is then easily read or recorded.
The art has now progressed along these several lines to
the limit set by the particulate nature of matter, usu-
ally described as “Johnson noise” or “Brownian mo-
tion.”

The extension of measurement based on the ampere
to larger direct currents is relatively simple. It involves
the design and construction of standard resistors of the
4-terminal type of adequate size and adequately cooled
so that they can carry the large current to be measured
without undue rise in temperature and consequent un-
certainty in resistance. Such equipment at the NBS
can measure 10,000 amperes with an accuracy ap-
proaching 0.019,. Using such equipment, it is possible
to accurately determine the resistance of shunts of even
lower resistance and greater current capacities up to
60,000 amperes. This extreme of the range is also sub-
ject to insidious sources of error, such as irregularities in
the distribution of current in the heavy terminals and
effects from mechanical strains developed by differential
thermal expansion of parts of the resistor caused by
temperature gradients.

M F. Wenner, “General design of critically damped galvanom-
eters,” Bul. NBS, vol. 13, pp. 211-244; August, 1916.
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Fig. 2
in plastic, are supported in glass slabs. Mirror on moving coil
reflects indicating spot on glass scale ar distance of 2 meters.

Electrodynamic transfer instrument. Fixed coils, embedded

The step from the direct current standards discussed
hitherto to standards for measuring alternating currents
of power frequencies which form the basis of the ten-
billion-dollar electric power industry rests jointly an
the use of electrodynamic and electrothermic instru-
ments. The extension of current measurements to the
higher frequencies used in audio and radio communica-
tion rests primarily on the thermal converter.

At the NBS an electrodynamic instrument,' the
fixed coils of which are rated at 2.5-5-10 amperes and
the moving coils of which are rated at 0.1 ampere, is ar-
ranged with a known standard resistar in series with its
fixed current coil (See Fig, 2). The movable coil is con-
nected in series with an appropriate series resistor and
to the potential terminals of the standard resistor. The
mstrument thus becomes, in effect, a wattmeter, the
deflection of which is a measure of I?R-loss in the resistor
and thus of the current. The perfarmance of this instru-
ment has been checked both by comparison with electro-
thermic instruments and by using it as a wattmeter to
measure the loss in a large capacitor. the loss factor of
which was known from ac bridlge measurements. This
check measurement being at a very low power factor
constitutes a much niore severe test of the transfer
instrument than is needed to justify its operation as an
amimeter at unity power factor. At frequencies above
3000 ¢ the torque produced by eddy currents induced in
the aluminum damping vane begins to be appreciable
and limits the frequency range of the instrument.

Thermal converters consisting of a thermocouple, the

% J. H. Park and A. B. Lewis, “Standard electrodynamic watt-
meter and ac-dc transfer instrument,” J. Res. VBS, vol. 25, pp.
545-379; November, 1940,
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measuring junction of which is in thermal contact with
an clectric heater and the electromotive force of which
is meusured by a potentiometric circuit, offer a much
more flexible basis for the transfer of the ampere from
dc to ac which can be used with an accuracy approach-
ing 0.19% up to 30 ke. Equipment is now available at
the NBS' for measuring currents up to 50 amperes
by this means. Here again, errors may arise from lack
of symmetry in the thermoelement with its resulting er-
rors from unbalanced Peltier and Thomson effects. IFor
still higher frequencies, thermocouple instruments can
be used, but with steadily decreasing accuracy, up to
frequencies at which the concept of eclectric current
ceases to have meaning and the phenomena are more
suitably described in terms of microwave propagation.

At power frequencies and, more recently, at fre-
quencies of 400 and 1000 ¢, the measurement of alter-
nating current must be extended from the range of §
a, at which it is transferred from dc, to the much higher
currents used in electric energy transmission. This is
done by the use of current transformers, which have the
valuable property of reproducing in the instruments
connected to their secondary terminals a current which
is closely similar in phase and reduced in scale by a
definite ratio from the much larger current in their
primary circuit. The usual way to accurately determine
the ratio of transformation and the small phase dis-
placement in a current transformer is to use two known
resistors connected in series with the primary and with
the secondary windings, respectively. The impedance
drops in the resistors are opposed through a detector,
and the secondary resistor is adjusted for a balance.
The effect of any phase displacement is balanced and
measured by a mutual inductor, the primary of which
is energized by the secondary of the transformer, while
the secondary of the inductor is in series with the de-
tector. It is essential that the 4-terminal resistors used
have small and definitely-known self-inductances and
small or negligible skin effect. Above about 2000 am-
peres the construction of such resistors becomes imprac-
ticable. The range of ac current measurement can be ex-
tended further by using a standard current transformer
which is provided with a number of magnetically equiv-
alent sections of primary winding. If the transformer
rating, with its primary sections connected in series, is
less than 1000 amperes it can be calibrated for a given
frequency and burden over its full range. [t can then be
reconnected for a higher rating by using more sections
in parallel and fewer in series. At the same frequency
and burden, but with the new connection, it will have
the same phase angle but will have a ratio inversely pro-
portional to the numbers of primary turns in the two
connections. Measurements of 60-cycle currents are
regularty made at the NBS by such a standard trans-
former to 12,000 amperes (See Fig. 3). The method is

' F. L. Hermach, “Thermal converters as ac-dc transfer standards
for current and voltage measurements at audio frequencies,” J. Kes.
NBS, vol. 48, pp. 121-138; February, 1952,
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Fig. 3—Equipment for testing current transformers to 12,000 am-

peres. The transformer under test is mounted at center of “cage’
tormed by the 4 parallel 6" X }” bus bars, and compared with the
standard transformer S. This, in turn, is calibrated on 1200-
ampere connection in terms of oil-cooled 4-terminal ac resistors
mn tank A7,

apparently applicable even to considerably larger cur-
rents.

The ampere is extended and applied in still another
field in the measuremert of large currents of short dura-
tion, such as are met with in the testing of lightning ar-
resters and more recently in particle accelerators and
perhaps in the future in nuclear fusion apparatus. (See
Fig. 4). Here again, the measurement of the current in
terins of the ampere must be based upon a measurement
of the voltage drop across a resistor, or alternatively, an
inductor (self- or mutual-). In the latter case the directly
observed quantity is, of course, the time derivative of
the current, but in studying transient phenomena this is
often of greater significance than the current itself. In
the measurement of surh transients, the duration of
which is measured in microseconds, the voltage must be
recorded by a cathode ray oscillograph, so that it is de-
sirable to have an /R-drop of several thousand volts in
contrast to the fifty-millivolt drop which is common in
the measurement of sustained direct currents. The de-
sign of appropriate standard resistors, which must be
compact s0 as to minimize inductance and at the same
time sufficiently massive to absorb the energy dissipa-
tion, involves much reseirch and development. Never-
theless, measurenents can readily be made up to
200,000 amperes on surges lasting for 10 to 50 micro-
seconds.?

DISSEMINATION OF TIHE AMPERE

The ability of a national standardizing laboratory
such as the NBS to measure currents of these ranges
of magnitude and frequency in its own laboratories
wouid be useless without the provision of arrangements
by which the ampere can be disseminated so that meas-
urements may be made in terms of it at all of these

7 1. HL Park, “Shunts and inductors for surge current measure-
ments.” J. Res. NBS, vol. 39, pp. 191-212; September, 1947,
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Fig. +—A 100,000-ampere arc. This 50,000-jfoule discharge from the
capacitor bank of 10 microfarads initially at 100,000 volts is
measnred by the concentric tubular shunt below the table.

levels throughout the nation.!® This dissemination proc-
ess is carried on by cooperative action between the
NBS on the one hand and a large number of electrical
standardizing laboratories on the other.!® Some of these
laboratories are in the factories which manufacture
measuring apparatus (standard cells, resistors, potenti-
ometers, shunts, ammeters, current transformers, etc.).
The working standards of such laboratories form the
basis for the calibration of the apparatus made and sold
by their respective firms, and directly supply the pur-
chasers with consistent calibrations of their new ap-
paratus. A much larger number of laboratories con-
nected with universities, electric power companies,
other manufacturing concerns and Government agen-
cies, also derive standards of measurement from the
NBS and use them in their periodic checks on the
shop instruments and measuring apparatus used in their
respective organizations. Still other “primary reference
laboratories,” either governmental or commercial,
having derived their standards of measurement from
the NBS, use them to calibrate the reference or inter-
laboratory standards of “secondary” laboratories at a
lower echelon.

The slissemination of the ampere and its multiples
from the NBS is accomplished primarily by the test-
ing of standard cells and standard resistors. Each year
about 1000 standard cells are submitted for test and are
later used with appropriate resistors and potentiometers

18 F. B. Silsbee, “Standards for electrical measurement,” Phys.
Today, vol. 4, pp. 19-23; January, 1951,

W'F, B. Silshee, “Suggested Practices for Electrical Standardizing
lLaboratories,” NBS Circular 578; Angust, 1956.
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to establish currents of known value over a wide range.
Until recent years most standard cells used in industry
were of the unsaturated type, which have a temperature
coefficient so small as to be negligible for most purposes,
but which show a gradual decrease in emf of about 80
microvolts per year. Only the two manufacturers of
such cells and a very few of the largest electrical manu-
facturing and power companies troubled to maintain
banks of standard cells of the more permanent saturated
type in thermostatted enclosures. In the last few years
there has been a marked shift in practice and, in the
last year, over 30 companies submitted groups (usually
of 6) of saturated standard cells for test.

At a lower level of accuracy some organizations derive
their ampere by submitting for test high grade self-con-
tained ammeters, or “shunts” (4-terminal standard re-
sistors of large current-carrying capacity) to be used
with millivoltmeters to measure large currents. About
50 interlaboratory standard ammeters and 75 shunts
are submitted to the NBS per year.

In the field of large alternating currents, the NDBS
provides a calibration service® to the power industry by
determining with an accuracy of 0.059% and 1 minute in
phase angle the value of the ratio of transformation and
the phase displacement in standard current transform-
ers. Itisrelatively easy to compare one such transformer
with another of the same nominal ratio, and apparatus
based on developments at the NBS is widely available
for this measurement. It is therefore necessary for power
companies to submit to the NBS only one laboratory
standard transformer for each current range and, with
it as a basis, to calibrate the rest of their standard and
working current transformers in terms thereof. Annu-
ally, about 75 transformers, each embodying on the
average 9 different ranges of primary current, are tested.
This service is available up to 12,000 amperes at 60 ¢
and to 200 amperes at 400 c.

The foregoing paragraphs have shown that the re-
sponsibility for one unit of measurenent, the ampere,
is inextricably tied in with other units, particularly
the ohm and the volt; that its definition involves ofhcial
international cooperation; that its establishment in-
volves difficult and expensive instrumentation based
directly on the most fundamental standards; that its
maintenance involves research in apparently remote
fields such as electrochemistry, nuclear spin theory, hy-
perfine spectroscopy; that its extension involves engi-
neering skills ranging from the handling of the tiny cur-
rent in an atomic beam to the surges of an artificial
lightning stroke. To insure that the ampere shall be
consistent with the other units of science and engineer-
ing, that it is constant through the years and uniform
throughout the nation, involves responsibilities which
can be met only by a single central governmental lab-
oratory.

20 F, B. Silsbee, R. L. Smith, N. L.. Forman, and ]. H. Park,
“Equipment for testing current transformers,” J. Res. NBS, vol. 11,
pp. 93-122; July, 1933,
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Progress and Problems in U.S. Army Communications*
RAYMOND E. LACYY, SENIOR MEMBER, IRE

Summary—A review is given of communication progress under
the cognizance of the U. S. Army Signal Research and Development
Laboratory since World War II. The strong dependence on and close
cooperation maintained with non-Government institutions is empha-
sized. Operational and technical areas are discussed and equipment
shown to illustrate the present state-of-the-art in meeting communi-
cation requirements for U. S. Army preparedness.

INTRODUCTION

S the primary research and development establish-
ment of the U. S. Army Signal Corps., the U. S.
Army Signal Research and Development Lab-
oratory has a large interest in all aspects of communica-
tions. Its successful technical history is usually known
to those in the communication professions. Today it
faces a still greater challenge. The demands for com-
munications, made by the armies which must not only
fight under atomic-age conditions but also be prepared
for space-age implications, place definite and tangible
technical problems directly on the doorstep of the Com-
munications Department of the USASRDL..

The communication requirements for a so-called
Type Field Army, which is an operational organization
element, have increased from 216,000 miles in 1948 to
976,000 miles in 1958.! Projected requirements estinate
that a Type Field Army will require 71,000,000 miles of
communications by 1970. [t is desired that these objec-
tives be met while simultaneously reducing sharply ap-
plicable research-and-development-cycle time, by sys-
tems which will not involve any increase in weight, or
any increase in the number of personnel required, and
by systems having capabilities for eliminating direction-
finding and jamming by opposing forces.

The hopelul part of these expectations is that the ex-
ponential law of communication increase followed dur-
ing the last decade previous to 1958 was not only met,
but was met with a 3 per cent reduction in monetary
cost of equipment, with a 52 per cent reduction in the
weight of the equipment, and with a 73.5 per cent re-
duction in the number of communications personnel
required in connection with it. This sets an operational
pattern; it also indicates that research and development
can be expected, based upon past performance, to meet
the demands of the future. Let us view rescarch and
development details directed toward meeting these
somewhat awesome but very tangible objectives.

* Original manuscript received by the [RE, December 12, 1958;
revised manuscript received, February 17, 1959,

T U S, Army Signal Res. and Dev. Lab., Fort Monmouth, N. 1.

P AStaft Study on Quantity of Commumications (U),” U, S, Army
Electronic Proving Ground, Fort Huachuca, Arizona, Proj. 54-57-
0015, USAEPG-SIG 940-36; July, 15, 1958,

THE PosiTion oF USASRDIL. RELATIVE TO NON-
GOVERNMENT INSTITUTIONS

USASRDL is a Government Laboratory whosc
mocdus operandi is to use all its allocated resources to
focus the maximum and best technical eforts any-
where available on the problems involved in providing
the best possible communication equipment for the
Army. As a result, such equipment from basic principles
to the final, reliable bolts and nuts, is contributed as
appropriate by many persons in many organizations,
both Government and non-Government, universities
and other nonprofit institutions, and/or in the profit-
making highly-competitive industrial organizations. All
these institutions not only play a major and an essential
part in the research and development of the equipment,
but also in the shaping of policies and procedures used
throughout its early research, later development, and
eventual mass production.

ATOMIC-AGE REQUIREMENTS

The atomic age has required a completely different
concept of Army communications.? Briefly, this has
greatly affected two areas: the area of communications
in which the soldicr operates, and the area in which the
highest-level commander operates. Dispersion and mo-
bility require that tactical vehicular radio equipment,
for instance, be operable over transmission distances far
beyond those expected of any municipal police net-
work. Also, before an atomic weapon is fired, a top-level
decision may be required to be communicated between
the echelon doing the firing and the high-level installa-
tion which is authorized to make such a firing decision.
As a result, long-distance communications must be
viewed as a part of the old-time front-line-type tactical
network, and no delay in transmission tolerated, even
though the distances covered may span continents and
oceans,

BREAKDOWN INTO TECHNICAL FUNCTIONS

For convenience in this presentation, the technical
problems involved are broken down into seven major
functional areas and several minor arcas. Three of these
major technical areas are related to radio equipments
and transmission; one to multiplexing; one to switching;
one to data processing, and the last to systems concepts.

Forward lrea Tactical Radio Sets

Just previous to World War 11, two fatelul technical

2 Lt. Gen. A. G. Trudeau, “Army Research and Development in
Cand I, Signal, pp. 19-22; June, 1958.
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decisions were made. One was to use FM for forward-
area tactical Army radio sets. The other decision was
to utilize quartz crystal as the radio-carrier frequency-
stabilizing elements in these equipments as a basis for
the large number of channels needed for the newly
evolved, highly mobile armor operations.? Subsequent
events all through World War 11, where such crystal-
controlled-FAI equipments saw action in all services of
the Armed Forces of the Allies, showed the correctness
of these decisions. An efficient and quiet noise-free net-
work-type of operation was provided. Amazing as it
seems, considering that this was less than 20 vears ago,
the radio-carrier-frequency spectrums then used (20 to
50 mc) were almost totally unoccupied. Also, it was suf-
ficient in most military operations for such equipment
to net with itself. The Army operated in units that were
relatively concentrated to hold all ground occupied,
leaving no gaps between units. The communication
coverage of radio sets with ranges of less than 15 milcs
was usually sufficient.

A program for continued improvement of the 17}l
systems making full use of current transistorization and
other miniaturization is continuing. Typical of such
equipment is the radio set shown in Fig. 1. This is a
transceiver which provides a choice of any four preset
channels in the 30-70-mc spectrum. It utilizes transistors
completely and has a nominal distance range of one mile.

A new concept, though, has evolved within the Army
Division. Dispersal and mobility have extended the
distance requirements for such forward-area tactical
radio sets to 25 and to 50 miles rather than the 5 to 15
mile limit needed in World War 11, This dispersal has
placed an even greater emphasis on radio and required
many more channels per unit. This, together with the
increasing congestion in the RF spectrum, has resulted
in the Army’s joining the general trend toward the use
of single sideband modulation as a means for more eco-
nomical utilization of the RF spectrum.?

Even so, this single-sideband equipment is viewed as
an interim approach to the operational problems, as it
contains no provisions for reducing intentional inter-
ference or for insertion of voice-security techniques.

Radio Relay

In the area of radio relay, technical history again was
achieved during World War I1. A whole new vista was
apparent from the success of what was then a new radio
operation which provided a wire-type communication,
but without the wire. The term “Antrack” (AN/TRC)
became almost synonymous for VI1F-radio relay.® Also
the first microwave-radio relays which were evolved dur-

3 R. B. Colton, “Army ground communication equipment,”
Elec. Eng., vol. 64, pp. 173-179; May, 1945.

4+ A. M. Creighton and D. B. Reeves, “A Single Sideband Radio
Central to Replace Military Wire Lines,” Signal, pp. 33-37; March,

58.
5 \W. S, Marks, Jr., O. D. Perkins, and W. R. Clark, “Radio-relay
communications systems in the United States Army,” Proc. IRE,
vol. 33, pp. 502-522; August, 1945.
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Fig. 1—Radio set, AN/PRC-36 (Devel. model).
Manufactured by RCA.

ing World War I1 were the forerunners of the radio-type
long-lines systems that have subsequently interlaced
the nation.®

Post-World War Il research and development have
devoted much effort to making radio relay an even more
useful adjunct to Army communications. A whole fam-
ily of new equipments has been developed and produced.
Techniques are currently being investigated to optimize
radio-relay systems for handling digital traffic.

A great reliance by the Army on radio relay has been
necessitated by increased mobility. As a consequence,
development of smaller equipment with increased chan-
nel capacity (Fig. 2) and lightweight quickly erectible
antenna systems has been necessitated. Also antomatic-
switchover devices (Fig. 3) for controlling unattended
stations and eliminating circuit outages due to equip-
ment failures have been provided.

A tropo-scatter equipment operating in the frequency
range of 360 to 600 mcs has been developed (Fig. 4),
but here again the main limitation on the use of tropo-
scatter phenomena is the equipment mobility.

Similar to the vehicular and portable combat-area
radio-communication equipment trend, Army radio-
relay development is attempting to employ single-side-
band modulation to provide greater range and higher
traffic capacity at carrier frequencies well up into the
X-band microwave ranges.

Long-Range Ionospheric Radio

Most long-distance radio transmissions have been
using the ionosphere to reach around the curvature of
the Earth. The result is that this particular portion of

6 R. E. Lacy, “Two multichanuel microwave relay equipments for
the U. S. Army communications network,™ Proc. IRE, vol. 35, pp.
65-70; January, 1947.



Fig. 2 Radio set. AN/GRC-66 (Devel. model). Manufactured by
Federal Telecommunication Labs., Nutley, N. J. Front § view,
showing complete assembled equipment.

(Devel.
Telecommunication  Labs,

maodel ).
Nutley

§ Control
Munufactured by
N. 1. Group view, showing equipments with covers removed.

Indicator Group AN /TRA-11
Federal

Fig. 3

the RIT spectrum (2 to 30 mes) is especially crowded.
Consequently, most rescarch and development devoted
to this type of radio communications is directed toward
mare effective use of this limited natural resource. The
exception to this is the advent of ionospheric-scatter and
meteor-burst transmissions. Even these must contend
with the high congestion experienced with radio-carrier
frequencies, although  these  transmissions do  show
promise of being operable slightly above the Maximum
Usable (lonospheric Supported) Frequencies (MUF),

Also the first equipment embodiment of information
theory has been passed to the U.S. Army Signal Re-
scirch and Development Laboratory from the Lincoln
Laboratory of M.LT. Fig. 5 shows a view of this
formidable attempt to trade bandwidth for signal-to-
noise.
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Fig. 4—Tropo-scatter equipment operating in the frequency range
of 360-600 me. Manufactured by National Co.
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Fig. 5-—Lincoln FOC-A Radio teletype system (Exper.). Manufae-
tured by Electronic Defense Lah, Front view of receiving terminal
equipment.

An extensive program of equipment development to
place all these old and new techniques in the hands of
troops is in various stages of progress. This has of neces-
sity required equally extensive supporting technique in-
vestigationsin the circuitry, propagation, and frequency
stabilization fields. Also much effort has been applied
to receiving and analyvzing date transmitted from the
artificial satellites as well as that retlected from the
natural satellite of Earth. The implications of these de-
vices are being closely considered for long-distance com-
munication, and cquipment development  expedited
wherever possible. Transmitters with RE power outputs
as high as 300 kw and mobile receivers with frequency
accuracy and stability at least 100 to 1 improved have
recently been achieved for the THEF or ionospheric range.

Multiplexing

Previous to World War I most, if not all, multiplex-
ing of different inteiligences was done on the basis of the
frequency dimension. Time division was first used by
the British during World War 11 in a military radio-
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trausistorized

terminal
(Devel. Model). Manufactured by Lenkurt Electric Co. Group
view, showing equipment in case, with cover removed, spare-parts
container, and head set. *

Fig. 6—Telephone AN/TCC-24(XC-2),

relay set.® Their initial equipment used width modula-
tion of a pulse to carry the intelligences. American ver-
sions of the British multiplex instituted the first use of
position modulation of the pulse, followed closely just
before the war ended by the first pulse-code-modulated
equipments. These represented the first physical em-
bodiments of what is now classical information theory.
They even included auto-correlation detection for syn-
chronization purposes.

Post-war developments have made great strides in
miniaturization of multiplexing equipment, thanks
again to wonderful progress in semi-conductor research.
Fig. 6 illustrates a four-channel frequency division tele-
phone-terminal multiplex, and Fig. 7 illustrates a seven-
or 14-channel pulse-position-modulated unit. By the
application of pulse-code-modulation voice, security is
readily provided in similar terminal equipment for ap-
plication to transmission means where the frequency
bandwidths required are available.

\oice compression to save bandwidth is one of the
favored goals in this area of voice multiplexing. It is in
the terminal-multiplexing equipment that the addi-
tional equipment complexity penalty for inclusion of
such a technique must be paid, but all such research
efforts are being closely scrutinized and applied as they
become feasible.

It is interesting to see the telemetering art beginning
to approach the technical sophistication of an almost
classical nature reached by the communication-multi-
- plexing art a decade ago.” Although the telemetry ap-
proach has been via the mechanical commutator, the
electronic analogy with the fine art of multiplexing
evolved by the communication profession is almost com-
plete. It is now the communication art that is at times
receiving in turn techniques from the highly progressive
telemetry art that is working so closely with space-age
objectives.

Switching
The Army in the field has in the past used manual

telephone switchboards. While being relatively flexible,
such a system is not compatible with the speed and ef-

V. D. Landon, “Theoretical analysis of various systems of multi-
plex transmissions,” R. C. /1. Rev., vol. 9, pp. 287-351; June, 1048;
pp. 433-482, Septembher, 1048,
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Fig. 7—Mutltiplexer set AN/TCC-27. Manufactured by RCA. Two-
7-channel or one 14-channel terminal or reshaper repeater with
D/I functions.
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Fig. 8—Typical electronic automatic telephone
central office. Approximately 300 lines.

ficiency required to implement the communication net-
works serving tactical needs. As a result a whole new
system is being evolved (see Fig. 8).

Flexibility is the prime requirement in new Army
switching operations. To be able to tap in anywhere in
the system, yet retained the individual subscriber’s
identity independent of location, is the type of require-
ment which makes the military switching system so
much more difficult to achieve than its domestic
counterpart.

Four-wire operation with its inherent circuit gain as
well as freedom from feedback instability as compared
to two-wire operation will be utilized. The usual multi-
frequency dial system is planned along with all its com-
plex of signaling from seizure to release of appropriate
circuits. The signal system as a whole is interlocking.
That is, when a signal is sent from one switchboard to
another, the receiving switchboard must acknowledge
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Fig. 0

Felephone set TA-341/P7T7
by Stromberg Carlson

. Manufactured

the transmitted signal correctly before the transmitting
switchboard will send the next signal.

The telephone (I'ig. 9) which is designed to terminate
four wires is powered by dry-cell batteries housed in a
fiberglass case which also houses the signal-detector cir-
cuits, amplifiers and necessary oscillator circuits for
control and supervision. A new four-conductor ficeld
wire, as shown in [Fig. 10, will be used. [t is shown in
cross section in comparison with the existing lightweight
two-conductor field wire.

Although automatic tetephone central offices operat-
ing on frequency-division basis and utilizing transistors
arc already well in hand, it appears that future military
communication traffic will demand much more from
time or digital systems. The transition from specific
intelligence handling, such as voice, to generalized data
requires a digital-switching system (Fig. 11). Various
commercial laboratories are also laboring on the tech-
nical advancements necessary for such systems, and it
might be appropriate for their information to outline the
basic characteristics envisioned for the U. S. Army
system:

1) All information will be handled in digital form
throughout the system. Each channel will be repre-
sented by a binary signal transmitted in serial form at
a standard speed of transmission.

2) Different speeds of transmission will be tolerated.
A possible speed distribution might be

One in the teletype range,

One in the range of present data speeds,

One high speed for digitalized voice, facsimile, com-
puter outputs, ctc; bit rates will be standardized
to obtain interoperation with existing and pro-
posed data-transmission systems.

3) Switching will be automatic and automatic alter-
nate-trunk routing will be employed which will equalize
the traftic load on the system. A model of such a system
is being designed and constructed to test concept feasi-
bility and to obtain an idea of what can be accomplished
with presently available components. The model will
also be of assistance in determining the direction in
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Fig. 10- -Comparison of 2-conductor field wire
with new 4-conductor fiekl wire.

which further investigation should be conducted. [t is
possible that a digital-switching system such as that
represented by the model will ultimately supersede the
4-wire system described carlier. Certainly there is the
possibility that such a system will have a place in the
ultimate universal switched-communications system.

Data Processing

Data processing is all that the name implies. The
basic reason for the immense volume of paper work in-
volved in seemingly every operation today is the trans-
port and analyzing of information data of some type,
or in some form. The only apparent method of effec-
tively and efficiently coping with this appcars to be by
the use of machines. The most obvious are the com-
puter-type machines which are relieving man of such
routine, and even nonroutine effort. In military opera-
tions it is most important that full use be made of such
machines to provide command and control of operations
most effectively, efficiently, and in a minimum of time.
Fig. 12 shows a tactical operation center (TOC) making
use of existing computer equipment.

As mentioned under the above section on switching,
the evolution of communication to more generalized
data than the written or spoken word throws that type
of intelligence into the general field of data. [f we wish
to generalize further, we process rather than merely
communicate the data. In any case, the relative new-
ness of such generalizations warrants a brief indication
of the USASRDL's approach to the data-processing
field. Actually the Army has already very successfully
applied computer techniques to logistics, and has an
extensive computer development program well under
way in connection with all aspects of combat operation.*
While the emphasis on the computer proper is to reduce
size and complexity while increasing its capabilities,
effort is also focused on the programming problem. The
programming ease and program availability will no

8 W. F. Luebbert, “Combat computers,” 1958 Nationar [RE

CoxveEnTiON REcorp, pt. 4, pp. 292-295.
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Fig. 12—Automatic data-processing facility (TOC mobidic).

doubt be the determining lactor as to whether or not
computers may be used for most Army combat-data
processing. Many subareas such as visual presentation
are receiving much research and development atteution
with regard to the Army application objectives, which
run into the hundreds.

The special-purpose computer versus the mmore univer-
sal computer is typical of the decisions required of
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cchelons involved in formulating operational and the
accompanying development  policy and equipment.
There has to be a compromise made between the logis-
tics and other economics of universality with its addi-
tional cost and complexity, and the economics of small,
more mobile computers designed especially for one job.
Combat-area radio sets are a good example ol this. It is
foresceable that a family of such equipment mounted
in veliicles, on a soldier's back, or even in his helmet or
pocket, will incorporate compurer clements to perform
many electronic operations necessary to maintain secure
comniunications under combat conditions in a highly-
congested-frequency spectrum. In this case the com-
puters will be unique to the operations, and miniatur-
ized elements of semi-conductor dendrites together with
closed, error-correction circuits automatically make use
of muscular-generated potentials coupled front the
soldier’s sense organs. For the present, though, the pro-
gram is to concentrate available effort on the immediate
development problems concerned with adapting known
universal-type computer techniques to many Army
data-processing problems.
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Systems Concepts

Some concept of the systems problems in general can
be ittustrated by an analogy. Take the commercial
world-wide communication stations; add the police-
radio nets, both municipal and state-police nets: include
all private-transportation radio systems, both vehicular
and pipe-line, whether mobile or fixed-microwave radio
relays: and to confuse further but not to complete the
picture, include untold miles of overhead and under-
ground wire and cable lines. This, together with all ex-
changes and outside plant, is to be arranged into a sys-
tem that can be installed in minutes, or hours at most.
After a few hours, or less, of carrying its maximum ca-
pacity in traffie, it is to be dismantled, for the most
part, moved a few hundred miles and re-installed for a
repetition of the swine operation. 1l a terrific hurricane is
also present during the operation, the scene is almost
analogous to that expected to be presented by the U. S,
Army communications under war conditions.

The USASRDL. has recently defined the term “tech-
nical concept”™ This definition states in part that a
technical concept is considered to mean an undeveloped
itea or a new technical method of employing equipment
which has potential capability of providing the required
signal support for an operational objective.

This definition in one sense is limited, vet in another
sense relatively broad. [t denotes equipment employ-
ment, vet calls for ideas not vet developed. lere is an
area of research and development very close to the de-
fense of your home and mine. Brilliance is required, vet
because most of our more brilliant, disciplined minds
gravitate to relatively narrow academic pursuits, it is
questionable as to whether new systems concepts are
receiving the concerted attention given to the more
subtle details that require deep knowledge of science.
The rise of operational research is the exception that
proves this statement.

Data-processing svstems are typical of this need for
new concepts. The mere routing sequence which uses
the term “buffer” in an almost completely new descrip-
tive manner, as compared to the vacuum tube buffer
application familiar to radio engineers, is indicative of
the new svstems evolved and being evolved based on
new coneepts.' This could bring up the whole question
of dial, or equivalent signaling, so lightly mentioned
previously. In spite of the wonderful achievements made
commercially, many new concepts are needed to meet
the heterogeneous requirements in this military-system
area, if all subscribers are to have access to a closed net-
work where anvone must be able to communicate al-
most any form of intelligence to anvone also with the
least effort and in the shortest time.

This is not to indicate that the U, S, Army does not

® “Formulation of New Technical Concepts,” Headquarters,
Signal, Memo No. 82, October 1, 1958.

R, . Montijo, Jr., “An Automatic Communications Switching
System,” Signal, pp. 36-14: September, 1938,
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have this situation under control. Rather, it is indicative
that engineers and scientists are more aware of the
problems unsolved than those solved: which is as it
should be. The Army must currently contend with the
need for new equipment concepts, though, through re-
orientation of their operational concepts. That is one
of the major reasons for the various “experimental
armies” which are being tested. Whole catalogs of new
equipments in each ol the communication areas dis-
cussed above, could be and are listed in equipment pro-
grams which are destined to outhit armies of 1960, 1970,
1980 . . .. oven so, the technical state of the military
communication art is limited by professional technical
desire to vouchsafe to the design of new system concepts
just as surely as it is limited by our ability to advance
to new frontiers of basic scientific knowledge.

In this system area the USASRDL is working very
closely with the United States Army Electronic Proving
Ground at Fort Huachuca, Ariz. The number and extent
of new system concepts has required the use of the
70,000 acres of flat and mountainous terrain for test
purposes in such an area, because it is relatively free of
electromagnetic-radiation interference. The size of the
test area shows the stress which the U. S. Army has
placed on system tests of new signal concepts.

RADIO INTERFERENCE ANALYSIS AND CONTROL

The USASRDL has achieved wide recognition for its
radio-interference-control work dating back to the be-
ginning of World War Il. The mechanization of the
U. S. Army initially required attention primarily to
vehicular radiation suppression. Subsequently a con-
tinuing program of interference analysis and control has
aided all services, both military and otherwise, in solv-
ing  their electromagnetic-transmission-interference
problems. Standards specifying spurious emission and
interference criteria have been formulated and widely
disseminated by specialists working in the Communica-
tions Department, U. S. Army Signal Research and
Development Laboratory, although their interests
necessarily encompass all areas of equipments which in-
volve electromagnetic radiations. A large segment of
their current research, for instance, is devoted to radar-
interference problems.

One of this Division’s primary assignments is to de-
velop any equipment that is necessary for application of
their standards. In this connection, Figs. 13 and 14
illustrate typical interference-measuring sets provided
by them for different frequency ranges. The develop-
ment of instrumentation for ever higher frequencies is a
continuing activity. In the research category they have
a continuing program for obtaining new and improved
suppression components. VMore recently, major prob-
lems have been associated with mutual interference
among electronic equipment, caused primarily by their
ever-increasing density in power. Current effort is being
placed on lossy-type filters and the use of nonlinear de-
vices as suppression components.



1959

Fig. 13—Radio interference-measuring set AN/PRM; (mock-up).
(Lab. Design.-Constr.) Frequency range: 75-500 mec. Overall
1 view, showing personnel demonstrating operation of model.

Fig. 14—Radio interference-measuring set AN/URM-85 (Service-
test model). Manufactured by Empire Devices. Frequency range:
0.15-1000 mic. Overall view, showing equipment assembled in
operating position far field-strength measurement in frequency
range 400-1000 mc.

MISCELLANEOUS ASPECTS

There are many miscetlaneous aspects of communica-
tion research and development required of USASRDL
by the U. S. Army. While not all are earth shaking, some
literally approach this description. For instance, the
auger shown in Fig. 15 is a necessary adjunct to the com-
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Fig. 15—Auger, carth, truck-mounted 1.C-245(XC-21/M (Devel.
model). Installed in cargo space of truck, 23 ton, 6 X6, cargo
M34. Manufactured by llighway Trailer Co. Roadside rear $
view, showing rack bar and guide tube in raised position, ready
for digging.

munication officers’ tool supply. Also, as shown in Fig.
16, the communication engineer must provide a cabinet,
sometimes complete with air conditioning, to house the
electronic heat sources.

Then there are the myriad of test items needed to
keep a system in order. Fig. 17 typifies such items.

On the acoustical side of the ledger there are such
items as those shown in Figs. 18 and 19.

The transmitter of Fig. 20 utilizes acoustical inter-
ference methods for reducing the masking effect of
ambient noise surrounding a listener in Army vehicles,
tanks, and aircraft.

While still in the acoustical vein, the equipment
shown in Fig. 21 is worthy of note because it reproduces
speech and other signal frequencies without the use of
conventional high-power amplifiers. The equipment
utilizes magnetic particle clutches driven by clectric
motors to operate at AF and “friction-drive” a loud-
speaker diaphragm.

A temptation will be resisted at this point to include
a multitudinous group of figures illustrating everything
from complex multiple-call reperforators to progress on
3000-wpm all-electronic page printers. The result of
viewing such illustrations would probably be the same
tvpe of feeling one experiences in walking through the
displays at the annual IRE NaTioNaL CONVENTION
show in New York City, N. Y.

SrACE AGE IMPLICATIONS

Much has been written and proclaimed regarding the
effects that satellites and other space events will have
on communications, relative to the Earth as well as to
space in general."! There is no object in listing the vari-
ous, usually grandiose schemes here; nevertheless, the
impact on communications of these elevated platforms
portends to be considerable. Overriding priorities as well

n R, W. Johnson, J. B. Medavis, ef al., “The Army in the space
age,” Army Information Digest, vol. 13, pp. 1-65; October, 1958.
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Fig. 19 Reproducer, sound RP-116/U (Service test Model). Used
with recorder-reproducer set, sound AN/UNH-1. Manufactured

Fig. 16--Cabinet, electrical equipment CY-2205/17 (Engineering by Mohawk Business Machines Corp. Overall front view, cover
test model). Manufactured by Craig Systems Ine. Front 2 view, removed, showing complete unit, ready for operation.
showing installation of vomplete telephone terminal AN/ TCC-7
(less one telephone) modem TA-219/U and combination heating
and _air-conditioning unit in cabinets, cleetrical equipment CY-
2295/U and external blower and ductwork.

Fig. 17 l(h,p"'“”(‘“’f set IS-716/1 (Devel model. Matnuf - Figo 20—Handset H-138/GR ( Devel. wodel). Manuaf:ictured by
tured by RCA. Froni interior view. Operating panel, with cover Electro-Voiee. Tne, Used witk new FA ridio sets Overall ¥ view
M« o8 v . 3 , g 5 o L8 f SU B . ,

off. showing acoustical equipment showing cormplete assembided unit.

Fig. 18 -Public-address set AN /UTH-3. Manulactured Fig. 21-—Public address set AN/VITQ-1 (NC-2
by Stromberg Carlson. Manufactured by Ravimond Engineering Co.
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as high-security classifications, in some instances, have
been attached to communication-satellite programs as-
signed to the Communications Department of
USASRDL. The SCORE-ATLAS communication ex-
periment is indicative of such programs.

Immediate developments as well as very-long-term
research programs have been instituted. Detailed pro-
posals have been received from most of the prominent
communication and electronic firms of the U. S. A, and
equally detailed systems analyses have been made, even
previous to the responsibility-assignment decision re-
garding Project Vanguard. Indeed, it is these 1955 sys-
tems analyses that resulted in the U. S. Army Signal
Corps' receiving the assignment to establish the world-
wide monitoring and tracking network initially set up
in connection with Vanguard, which is now also seeing
veoman service for the ensuing array of Sputnik and
Explorer satellites.

Even in today’s pace of electronic and communica-
tions progress, it is relatively easy for a Government lab-
oratory to keep abreast. In fact, it could not be avoided.
Every new idea or system is immediately brought to the
Government’s attention. Usually a major percentage of
the time of Government technical personnel is spent ex-
amining such items, whether forwarded by the lone
inventor or by the industrial colossus. Satellites for
communication are no exception to this procedure, so
USASRDL has had the benefit of many fine proposals.

Satellites excite the imagination of all communi-
cators, especially radio communicators. Here is the In-
dian rope trick without the rope. Yet, when all the pro-
posals are examined in detail it is found that the one
thing still lacking is an original idea regarding the satel-
lite for communication purposes. This is not meant to
detract from the utility of satellites for communications.
Rather, it is meant that, as satellites are established in
various orbits, both roving and fixed, relative to the
Earth, they essentially provide an elevated platform. So
the communicator places his equipment on the platform
and takes advantage of the height-gain in the same man-
ner he would use a mountain top, or the Empire State
Building, for that matter. Of course, it is not that
simple. Environmental and reliability factors enter the
picture, and here is a job for the research engineer as
well as the component and circuit designer. With the
vacuum of space, a different concept of components may
e possible, but such application specialties are not con-
fined to communications equipment. Also, if the satellite
is to be an amplifier-repeater, primary power raises a
need for a whole series of such devices. These are de-
scribed in an accompanying paper.!?

In addition to the amplifying, or so-called active
satellite, is the reflective or so-called passive satellite.
Many surveys have been made by competent groups at
communication research and development laboratories

121V, L. Doxey, S. F. Danko, and J. P. McNaul, “Parts and tech-
niques for the new electronics,” this issue.
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to determine the system feasibility of such repeaters.
Both have their advantages and disadvantages. All are
intended for long-distance communications between
various points on earth, although there are also long-
term programs which envision broadcast-type stations
that could encompass most of the earth through a sys-
tem of satellites fixed in positions relative to the Earth
in their rotation.

In any case, the communication engineers must await
the progress of the vehicle or rocket programs. The
svstem actually used, particularly in the immediate fu-
ture, will depend on the orbits that are achievable. As a
result most readily-achievable orbits have been ex-
amined relative to their radio line-of-sight coverage of
the Earth.

This in turn brings to the fore consideration of two
types of message conveyance via satellites. One is the
straight-through relay; the other is the storage or postal
messenger-carrier type of relay. An orbit which might be
best for one is not necessarily the best for the other type
of transmission. The straight-through repeater, whether
active or passive, depends upon radio line-of-sight-trans-
mission paths simultaneously apparent from both term-
inals. The postal-delivery type in which the messages
are stored over the sending terminal, and released over
the receiving terminal, require radio line of sight from
only one terminal at a time. In the military versions, of
course, it would also be desirable to exclude potential
enemies from access to the satellites, either through use
of codes and/or orbits.

The next parameter the systems engincer must
choose is the radio-carrier frequency to be used. This
depends upon channel availability from an allocation
viewpoint, and the transmission characteristics from a
propagation viewpoint. The former decision is more in
the realm of polities, but the latter requires technical
knowledge. Much has been learned from monitoring
clectromagnetic radiations from Sputniks, Explorers,
and a Vanguard. Nevertheless, much more needs to be
learned.

In examining such recordings, it is relatively apparent
that frequencies most unaffected by the ionosphere
should be used. Diversity in its fullest aspects should
be incorporated, and last but not least, a modulation
technique best able to cope with doppler shifts and pro-
vide best system gain should be adopted.

It is not the intention here to dwell on conventional
system-type engineering details, but the propagation
aspects of earth-orbiting satellites are worthy of brief
consideration. Most intriguing have been the anomalies
experienced with the 20-mc emanations of the Sputniks.
Such an ionospheric-affected frequency would be
avoided by a communication engineer designing for re-
liability. Yet even ionospheric-bounded frequencies
have their place in satellite systems. The high attenua-
tion that keeps them from radiating out from the Earth
too readily also keeps them from coming in toward the
Earth. For inter-satellite communication at distances



660

outside the ionosphere concentrations, such frequencies
may be the only ones relatively uncongested, if the
trend to high-powered television broadcast and radar-
type operations continues to increase the occupancy of
non-ionospheric-affected frequencies.

This brings up another point in connection with the
use of satellites for military communications. Once a
satellite-radio repeater is in orbit it is anyone’s prop-
erty. Not only military enemies, but even our own radio
amateurs have every legal right, if not a moral right, to
use it. Codes can be inserted, but the longer in time the
satellite remains in orbit, the more time there will be
to break the code. Perhaps the national craze in the not
too distant future will be to see who will be the first to
discover the satellite’s code. With computers this will be
a relatively simple task, at least the task of deciphering
the code used to allow interogation of a storage-type
repeater.

Much consideration has already been given at
USASRDL to ground-communication equipment re-
quired in connection with satellites, whether active or
passive. Such ground equipment varies from the simple
communication receiver and equally simple transmitter
with only a few watts of RF power plus equally simple
dipole antennas, to the most complex configuration of
scatter-radar type of systems with their immense as-
tronomical-type paraboloidal antennas. In contrast
with the latter, the 20-mc Sputnik signals were casily
received on amateiir-type receivers with merely long-
wire antennas. A passive-reflector satellite, though, if
used to reflect microwave frequencies, would require as
much as 100 kw of transmitter-output power if video
frequencies were to be communicated, even though low-
noise Maser-equipped receivers were used. Paraboloidal
or lens ground antennas of the order of 100 to 200 feet
in diameter would be required if a passive reflector-type
satellite 100 to 200 feet in diameter were available at
satellite heights, comparable with those of the initial
Explorers.®® Also there are advocates of metalized bal-
loons and other types of reflectors as well as various
chemicals to be strewn about the Earth’s outer-space
arcas.M

The most critical components other than the power
sources are recorders. Being a mechanical component,
the recorder is likely to fail in a relatively short time
compared to electronic elements. The recorder is only
likely to last a few hundred hours at best, as compared
to the many thousands of hours expected of electronic
components. On this basis it would, therefore, appear
that no recorder should be placed in a satellite that is
intended to last beyond a few years. A storage-type
satellite, based upon present techniques and expected-
duty cycle of present orbits, might last five years, but
trouble-frec operation over this period is relatively im-

¥ ]. R. Pierce, “Orbital radio relays,” Jet Propulsion, vol. 25,
pp. 153-157; April, 1955.

" American letter, “An artificial ionosphere,” Brit. Commun.
Electronics, vol. 5, pp. 117[f; February, 1958,
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probable with existing recorder techniques.

This brings up a so-called “burst” type of satellite re-
peater which could be either active or passive. This sys-
tem, similar to the meteor-burst systems recently
evolved, would keep the recording or other storage de-
vices on the ground.' Reliability of these components
would not then be a critical factor in the overall system.

In any case, as attested by project SCORE (Satellite
Communications via Orbiting Relay Experiment), the
U. S. Army will take advantage of space vehicles, par-
ticularly as it falls within the responsibility of the
U. S. Army Signal Corps to provide vital communica-
tions.
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The Engineering of Communication Systems
for Low Radio Frequencies”

J. S. BELROSE{t, MEMBER, IRE, W. L. HATTONY, MmEMBER, 1IRE, C. A. MCKERROWT,
AxD R. S. THAIN], SENIOR MEMBER, IRE

Summary—The low radio frequencies are of considerable impor-
tance in specific radio communication applications. However, little
improvement has been made in recent years in methods of engineer-
ing low-frequency systems. In this paper the factors that influence the
design of a communication system at low radio frequencies are dis-
cussed, and a description is given of some experimental work de-
signed to obtain information concerning optimum values of some of
the design parameters.

INTRODUCTION

/ HI tow-frequency band occupies only a very
Tsmall part of the radio frequency spectrum.

Nevertheless, this small band of frequencies has
been used for communication since the advent of radio.
Although the historical significance of the low-frequency
band is well known, the great extent of present usage
of this band is not generally appreciated.

In the history of radio communication, the low-
frequency transmitting installations of the pioneering
era were characterized by their large physical size and
by their high construction and maintenance costs.
Moreover, then, as now, signal reception at low fre-
quencies was seriously hampered by atmospheric noise,
particularly at low geographical latitudes. In addition
the increasing demand for radio communications soon
resulted in serious congestion of transmissions within
the then available spectrum. Thus, with the develop-
ment of the high-frequency “beamed” systems about
1924, it was found that the high frequencies offered an
attractive solution to many long-distance communica-
tion problems, and the use of the low frequencics be-
came considered as outmoded. Nevertheless, propaga-
tion factors peculiar to the low-frequency band have
resulted in their continued use for radio communication.
In particular, the reception of low-frequency waves is
not adversely affected during periods of ionospheric dis-
turbance when communication at the high frequencies is
disrupted. Because of this, there is a particular interest
in the application of low frequencies at high geomag-
netic latitudes. Since the initial use of radio for com-
munication purposes, considerable advances have been
made in improving both the efficiency and the quality
of communication by the application of communication
theory, radio wave propagation studies, and new tech-
niques. Unfortunately, very little effort has been made

* Original manuscript received by the 1RE, November 17, 1958;
revised manuscript received, February 16, 1959.

t Defence Res, Telecommun, Est., Ottawa, Ont., Can.

t Directorate of plans, Defence Res. Board Headquarters,
Ottawa, Ont., Can.

.

to apply this new knowledge to systems design in the
low-frequency band.

Because of the large extent of defense interest and in-
vestment in low-frequency installations in Canada, a
group was formed at the Radio Physics Laboratory in
1950 to study low-frequency radio wave propagation
and applied communication techniques. The objectives
of this group were necessarily broad. The primary aim
was to assist the defense services in improving the ef-
ficiency of the existing circuits. In directing efforts
toward this objective it was soon found that the tasks
involved were numerous and diversified. A review of the
literature indicated that considerable rescarch effort was
required, and it became necessary to sclect the most
promising directions for the rather limited research
facilities available. Attention was focused on three
principal factors which affect the systems design: the
propagation medium (including the behavior of the
ground wave, ground conductivities, the amplitude and
fluctuation of the sky wave as a function of transmission
distance, frequency, time of day, season, and the ampli-
tude and characteristic nature of atmospheric noise as
a function of frequency): antenna systems (with special
emphasis on efficiency and economy): and modulation
systems (bearing in mind the conflicting demands of re-
liability and power economy). Experimental systems
were built in accordance with the various conclusions
reached, and these systems were tested in operation.

It is the purpose of this paper to present a rather de-
tailed discussion of the factors indicated, to outline the
results of the experimental tests, and finally, to illus-
strate the design phase by a sample calculation.

Before commencing the discussion of the design fac-
tors, let us consider certain broad observations which
affect the contents of this paper. First, systems designed
for radio communication at frequencies below 200 kc
may be separated into two categories. One of these, de-
signed to provide world-wide communication coverage,
is limited to frequencies below about 30 kc. The second,
intended to provide communication over relatively
shorter distances, i.e., up to about 2000 km, is more ef-
ficient from cost considerations if it is designed for opera-
tion between about 80 and 200 kc. The design problems
are somewhat different for the two categories and, be-
cause the Canadian interest was confined to the shorter
transmission distances, the discussion here is limited
almost entirely to the higher frequency range, &0 to
200 kc. In addition, the chief Canadian requirement for
low-frequency systems is that they provide radio com-
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munication “back-up” support for high-frequency cir-
cuits, particularly when the latter are disrupted by iono-
spheric disturbances. These requirements concern con-
ditions common to northern Canada. Under the cir-
cumstances, the discussion is aimed primarily at north-
ern conditions with the chief design effort being directed
toward the provision of reliable communication, while
exercising strict economy of cost and of power. In ac-
cordance with this design objective, the discussion of
modulation is confined to single-channel systems and
signaling rates of 60 wpm maximum.

Tige PROPAGATION OF Low-FREQUENCY Rabpio WAVES
Propagation over Short and Long Distances

Before discussing the problems encountered in the
engineering of low-frequency radio systems, it is neces-
sary to review briefly our knowledge of the propagation
of low-frequency radio waves. This discussion is limited
to considerations of the vertical component of the elec-
tric field only.

The signal received at a distance d measured along
the carth's surface from the transmitter consists of a
contribution due to the ground wave and contributions
due to skywave components. In the simplified case of
a received signal that consists of a ground wave and a
once-reflected skywave, the signal received by a loop
antenna located at the surface of the earth is propor-
tional to the total field intensity Ey, where

Ey = Ey+ E,. (D

E, is the amplitude of the ground wave, and E, is the
effective amplitude of the skywave.

Throughout the daytime, the signal amplitude, Ey,
describes some form of quasi-cyclic variation as the
phase of the skywave vector varies relative to the con-
stant phase of the ground wave. The variation of ampli-
tude as a function of time depends on the reflection
heights and reflection coefhicients of the skywave, and
on the amplitude and phase of the ground wave.

The field strength of the ground-wave contribution
at the receiver may be expressed by

mk,

E, = d (2)

where E, is the inverse-distance attenuated field in-
tensity at the earth’s surface, at unit distance from the
radiator, and m is the ground-wave attenuation factor,
which in turn is a function of frequency, polarization,
distance, earth curvature, and the effective conductivity
and dielectric constant of the intervening terrain.

The variation of ground-wave field intensity with
distance has been studied theoretically by many work-
ers, including van der Pol, Bremmer, Eckersley, and
Millington. Norton! has presented a solution in a form

1V K. A. Norton, “The calculation of ground-wave field intensity
over a finitely conducting spherical earth,” Proc. IRE, vol. 26, pp.
623-639; December, 1941,
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that permits simple numerical calculations of the
ground-wave field intensities for propagation over a
homogeneous and smooth curved earth. Propagation
curves based on the method of Norton and the more
rigorous analysis of van der Pol and Bremmer have been
prepared by Thain,? and Wait and Howe.®? Agreement
is still lacking, however, concerning the extent of tropo-
spheric refraction effects at low radio frequencies. The
referenced propagation curves were prepared using an
effective earth radius equal to 4/3 times the actual
radius, on the assumption that air refraction effects are
applicable at the frequencies concerned. The CCIR, on
the other hand, has recommended that no account be
taken of tropospheric effects at frequencies below 10 mc,
and has provided propagation curves based on this
recommendation.* The net result is that the CCIR
curves predict a greater attenuation of ground-wave
field intensity as a function of distance from the trans-
mitter, for a given value of earth conductivity, than is
predicted assuming refraction effects. The difference is
especially marked in the far-field case where, for exam-
ple, for radio waves at 100 kc propagated over ground
of conductivity 10~3 mhos/m, the field intensities pre-
dicted by the CCIR and by the Norton method differ
by a factor of about 1.75 at 1500 km from the trans-
mitter.

The empirical method of Millington® is the easiest and
best way to take into account the effect of a mixed path
on the ground-wave field intensity. The method can
also be extended to estimate the resultant phase of the
ground wave propagated over an inhomogeneous
smooth earth.

The effective amplitude of the skywave at the re-
ceiver, E,, depends on the characteristics of the trans-
mitting and receiving antennas, and the reflection co-
efficients of the ionosphere and of the ecarth. If the
transmitting antenna is a short vertical radiator situ-
ated on the surface of a perfectly conducting earth, the
amplitude of the downcoming skywave, [, can be
represented as

E, = 7 sin i, IRy D 3)

)

where

E.,=the inverse-distance attenuated field at unit
distance from the transmitting antenna,
i, = the angle of incidence of the skywave with the
ground,

2 R. S. Thain, “Ground-\Wave Field Intensity Curves, 20 KC to
530 KC,” Defence Res. Telecommun. Establ., Ottawa, Ont., Can.,
DRTE/RPL Rep. No. B3; April, 1952.

3], R, Wait and H. H. Howe, “Amplitude and Phase Curves for
Ground-\Wave Propagation in the Band 200 C/S to 50 IKC,” NBS
Circular 574; 1956.

4 Recommendation No. 52, “Ground-wave propagation curves
below 10 mc/s,” Documents of the \'I11 Planetary Assembly, CCIR,
Warsaw, Poland, vol. 1, pp. 47-59; 1956.

8 G. Millington, “Ground-wave propagation over an inhomogene-
ous smooth earth, (parts 1 and 11),” J. TEE, vol. 96, pt. 3, pp. 53-64;
January, 1949, and vol. 97, pt. 3, pp. 209-217; July, 1950.
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L =the length of the skywave path,
o Ry = the ionospheric reflection coefticient,®
D =a factor introduced by the focusing effect of the
spherical ionospheric reflecting surface.

The variation with transmission distance of the angle
of incidence of the skywave, and the focusing factor, for
an assumed reflection height of 80 km, are shown in Fig.
1. One of the limitations in computing field strengths by
geometrical optics, so-called hop theory, occurs when
the skywave leaves and returns to the earth tangentially
(this will be discussed in more detail later). The geo-
metrically optically computed focusing factor becomes
infinite at this limiting range. Wait” has recently exam-
ined this difficulty, and has introduced a correction
factor, which is a function of frequency, to remove the
infinity. llis values of the convergence factor for a fre-
quency of 100 k¢ are shown in Fig. 1 as the solid line.

FOCUSING FACTOR D

T
1500
TRANSMISSION DISTANCE (km)

T
800 1000

Fig. 1—Angle of incidence at the ionosphere and the ground, and
focusing or convergence factor, for a smooth spherical ionosphere
reflecting surface located at a height of 80 km. The dashed curve
for D shows the convergence factor as derived from geometrical
optics, and the solid curve shows the wave-theoretical converg-
ence factor for 100 ke calculated by Wait.?

Ii the receiving antenna is a small loop located on the
surface of a flat perfectly conducting earth, the effective
amplitude of the skvwave, I,, can be expressed as

E, = 2E, )
E, .
=2 0 sin 7, WR: D. (5)

The factor 2 in (4) and (5) arises from consideration of

8 The notation is the usual, i.e., the lirst subscript denotes that
the electric field of the incident wave is parallel to the plane of inci-
dence, and the second subscript refers in the same way to the electric
field in the reflected wave,

7 J. R. Wait, “Diffractive Corrections to the Geometrical Optics
of Low Frequency Propagation,” Natl. Bur. of Standards, Boulder,
Colo.. Rep. No. §572; 1938.
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the incident wave and the wave reflected from the sur-
face of the earth at the receiving antenna.

Observations made by Belrose® by recording the field
strength of CW signals from European transmitters in
the 70- to 272-kc band, at distances between 600 and
1500 km, revealed quasi-cyclic amplitude changes. A
study of these features enabled the determination of
ionospheric reflection heights and reflection coefticients.
The observed fading patterns could be described as
though reflection occurred, without a change of phase,
from a sharply bounded, mirror-like surface. The re-
flection height was about 72 km at midday in summer,
75 km at midday in winter, and about 90 to 95 km at
night. The apparent reflection height was found to vary
in a strikingly regular and predictable manner with the
zenith angle of the sun. The seasonal variation of the
ionospheric reflection coefficients, and their variation
with frequency, have also been described. The variation
with frequency and transmission distance may be de-
scribed in terms of an effective frequency, f cos 7, where
fis the frequency of the radio wave incident on the
ionosphere at an angle 7. It has been shown that the log-
arithm of the reflection coefficient is approximately a
linear function of the logarithm of the effective fre-
quency. Fig. 2 illustrates the variation of reflection
coefticient with effective frequency for the months of
November, 1954, and March and June, 1955. In order
to derive these ionospheric reflection coefficients from
the experimental data, it was necessary to take into ac-
count the effect of ionospheric focusing, and the effect of
the finitely conducting earth on the polar diagrams of
the transmitting and receiving antennas. This latter ef-
fect will be discussed in the next section. The reflection
coefticients of Fig. 2 represent reflection as if from a flat
ionospheric surface and, if these values are used in con-
junction with (5), the effective amplitude of the sky-
wave deduced is that which would be measured by a
loop antenna, if both transmitting and receiving anten-
nas were located on the surface of a perfectly conducting
earth.

The seasonal variation of the reflection coefticients for
100-ke radio waves over a path of 1475 km (efiective
frequency, f cos 7, approximately 17 kc), and for 191 k¢
over a path of 1173 km (effective frequency approxi-
mately 34 kc), are shown in Fig. 3.

The data for Figs. 2 and 3, obtained for latitudes 40~
55° N, are insufficient to indicate any difference be-
tween east-west and north-south transmission for prop-
agation at these distances. Very little work has been
done in the Arctic regions. Bickel® has studied 135.6-kc
transmission in the Alaskan region (60° N) over a 1550-
km path. The reflection coefficients he derived are in-
cluded in Figs. 2 and 3, and appear to be in reasonable

8 J. S. Belrose, “Some [nvestigations of the Lowest lonosphere,”
PPh.D. dissertation, University of Cambridge, Eng.; 1957. To be
published in J. IEE.

? J. E. Bickel, “A method for obtaining LF oblique-incidence re-
flection coefficients and its application to 135.6 ke data in the Alaskan
area,” J. Geophys. Res., vol. 62, pp. 373-381; September, 1957.
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Fig. 2—The variation of ionosphere reflection coefficient for low-fre-
quency waves at oblique angles of incidence. The plotted points
have been calculated mainly from data derived from 1954-1955
measurements, and represent the estimated median values. The
ionosphere convergence factor and the antenna factors have been
removed.
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Fig. 3—"The scasonal variation of the ionospheric reflection coeffi-
cients for low-frequency waves at oblique angles of incidence.
The 100-ke data refer to observations in 1951 the 135- and 191-ke
ditta, to observations in 19541953,

agreement with those for lower latitudes. The latitude
effect, for summer at least, appears to be small.

The Lffect of a Finitely Conducting Earth on the Radia-
tion Pattern of Antennas

In the measurement of the amplitude of long waves
reflected from the ionosphere, it is often assumed that
the earth is a perfect reflector. \While such an approxi-
mation is valid for the lowest frequencies and for low fre-
quencies reflected from the ionosphere at steep inci-
dence, the effect of a finitely conducting earth can con-
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siderably modify the radiation pattern of an antenna
system and, accordingly, the apparent reflection co-
efficient for propagation at very oblique angles of inci-
dence, i.e., radiation at very small angles above the
horizon.

The vertical radiation pattern of a short vertical di-
pole located on the surface of a flat earth of finite con-
ductivity is shown in Fig. 4.1 The parameter # is given
by

18 X 10% .
n=—
o (6)

where o is the earth’s conductivity expressed in
mhos/m, ¢, is the earth’s dielectric constant, and Tine 18
the frequency in megacycles. If an average value of 15
is assumed for ¢,, and a frequency of 120 kc is considered,
then n = « represents the case of a perfectly conducting
earth, n =100 represents the case for an earth of conduc-
tivity 1072 mhos/m (good conductivity), and n=1 is
representative of an earth conductivity of 10~* mhos/m
(poor conductivity).

= NIGHT

km PAT:
oy }ron 1500 km PATH

1. g 20
FIELD INTENSITY, Eo

Fig. 4—Vertical radiation pattern of a short, base-fed, vertical dipole
located on the surface of a flat earth. The angle of elevation for day
and for night skywave propagation over a 1500-km path is shown.

It is apparent that the effect of the finite conductivity
of the earth on skywave signal strengths is experienced
chiefly when the propagation path describes a low angle
with the horizon, and results in a reduction of skywave
field intensity. This effect is caused by the rapid change
of phase of the ground reflection coefficient for angles of
incidence near the pseudo-Brewster angle. At angles of
incidence less than the pseudo-Brewster angle the phase
of the ground reflection coefficient approximates zero;
at greater angles, near grazing incidence, the phase
change approximates 180°. The pseudo-Brewster angle
is a function of earth conductivity; the effects occurat
smaller angles of incidence for poorer conductivities.

For the case of the transmitting antenna and the re-
ceiving loop antenna located on earth of finite conduc-

WE. C. Jordan, “Electromagnetic Waves and Radiating Sys.
tems,” Prentice-Hall, Inc., New York, N. Y., p. 621; 1950.
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tivity, it is necessary to modify (3) and (5) to include
the effect of the ground reflection factors. The amplitude
of the downcoming skywave can then be rewritten as

E, = —sini, (R DFy Q)
where Fr=a factor <1, introduced by the retlection co-
efficient of the ground in the vicinity of the transmitting
antenna. The effective amplitude of the skvwave, E,,
can then be rewritten as

E, = 2E[, &)

= 2 ——sin i, |[Ri DFrlg Q)]
where Fp=a factor <1, introduced by the reflection
coefficient of the ground in the vicinity of the receiving
loop antenna.

Considering the carth as a reflector, Frand Fp are the
ratio of the actual vertical electric field at the surface of
the earth to the electric field that would be measured if
the earth were a perfect conductor. The antenna factors
involve the complex ground reflection coefficients which
have been studied by many workers for a tlat ground."
Recently Wait and Conda® theoretically calculated the
magnitude of the vertical electric field at the surface of
a spherical earth of finite conductivity, and they have
presented their results in a convenient graphical form.
The antenna factors for a loop on the surface of the
earth at a frequency of 100 ke are shown in Fig. 5. The
data for this figure have been taken from the work of
Wait and Conda.'? Two comments should be made. The
antenna factors, Iy and Fgp are not the same as the so-
called cut-back factor F used by Wait and Conda. Their
factor Frelates the actual field to the field in [ree-space,
whereas our factors Fr and Fy relate the actual field to
the field if the earth were a perfect reflector. and thus
they differ simply by a factor of two. The significance ol
the field values for negative angles of incicdence will be
discussed in the next section. These refer to the dif-
fracted field inside the shadow zone, i.e., the field bevond
the optical limit of a once-reflected skyvwave.

The antenna factors are of fundamental importance
in the design of low-frequency radiating svstems in the
Arctic where the carth conductivity can be very poor.
For example, for propagation over a path of 1500 km
(i.e.. angles of elevation 3°-4°), the skywave field in-
tensity can be reduced by a factor of 4 in the case of
poor conductivity (Arctic tundra), or 10 in the case of
very poor conductivity (polar ice), from that produced
by an antenna located on a perfectly conducting earth,
that is, /7 and ‘or Fg would be equal to 0.25 and 0.1,
respectively.

U Because of the assumed fatness of the earth, the curves in Fig.
4 are not valid at near grazing angles. At low frequencies the
sphericity must be taken into account.

2 [ R. Wait and A, M. Conda, “Pattern of an antenna on a
curved lossy surface,” [RE TRANS. ON ANTENNAS AND PROPAGATION,
vol. AP-6, pp. 348-359; October, 1958.
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Fig. 3—Antenna factors Fr and Fp for a loop antenna on
the surface of the earth at 100 ke.

Propagation Over Greatl Distances

As the transmission path length is increased to ap-
proach the condition for grazing incidence of a one-hop
skvwave, two oppositely directed effects are introducedl.
The first is the focusing effect of the ionosphere, which
tends to increase the effective signal intensity (see Fig.
1), and the second is the decrease in low angle radiation
from the transmitting antenna, which causes a decrease
of the signal intensity (see Fig. 4).

The ionospheric retlection coefhicients plotted in Fig.
2 represent reflection from a flat ionosphere; <.e., the
convergence factor of the ionosphere has been removed.
I"or propagation over distances up to about 1000 km
the focusing factor is small, but it became appreciable
for greater transmission distances. The full theoretical
increase due to focusing at the ionosphere will probably
not be realized in practice because of irregularities in the
ionosphere. Nevertheless, if correct account is taken of
the convergence factor and the antenna pattern factors,
(9) can be used to calculate the skywave field strength
out to the limiting distance for a one-hop skywave.

For still greater transmission distances the path
length exceeds that for a one-hop skvwave. The re-
ceived signal will then consist of skywave components
reflected more than once from the ionospheric layer, and
at least once from the surface of the earth. Ground-wave
field intensities will, in general, be smail compared to
the skywave at these distances for frequencies between
80 and 200 kc.

If, from counsiderations of the high dav-time absorp-
tion, it can be predicted that the received signal will
be due predominantly to a two-hop skywave, then the
field intensity at the receiving loop antenna can be
represented simply as
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Ell.
E, =2 —/— sin i,, 1R 1Rt D*De¢ 1Ry FrFp (10)

-

where D¢ represents the divergence factor caused by
the spherical surface of the earth, |Rey is the effective
reflection coefficient of the finitely conducting earth, and
L is the total propagation path tength of the two-hop
mode. Ry and Ry are the ionospheric reflection co-
efficients for the first and second rellection, respectively.
In general, these ionospheric reflection coefficients will
not be cqual because the polarizations of the incident
waves are not the same. However, it can be assumed
that y Ky, =y/K: for propagation at very oblique angles of
incidence, as a first-order approximation.

Very little experimental work has been done in low-
frequency propagation at distances between 1500 and
3500 km. The available data include observations made
by Goldberg and Woodward® during 1950-1951 at a
frequency of 100 ke over distances ranging to 4200 km;
by Belrose and Thain during August, 1953 at fre-
quencies of 133.15 and 115.3 ke over distances up to
3553 km; and by Crichlow, et al.'* during the summer of
1945 at a frequency of 180 ke over distances up to 2600
km. Measurements have also been made out to simitar
distances by Goldberg and Woodward, and by Crich-
low, et al., using equipment installed in aircraft. With
the exception of the 100-kc measurements, the data
are restricted to summer observations.

The available data for summer propagation of 100,
133.15, and 180 kc are plotted in Figs. 6-8, in the
form of received signal strength, for 1-kw radiated
power, as a function of distance from the transmitter.
The ground-wave field intensity as shown was obtained
from data at the shorter distances from the transmitter;
the effective earth conductivity appropriate to these
measured field intensities was deduced, and the curve
extended to greater distances assuming this conduc-
tivity. Thus no account is taken of possible variation in
the effective conductivity at greater distances. The dis-
crepancy between field values so predicted and the
actual values can be large. For example, the curve
shown for the 133.15-kc data depends on the measured
value at 810 km, and since the transmitter was located
at Matsqui, B. C., and the measured value shown was
recorded at Suffield, Alta., the effective conductivity
of 10~ mhos/m, as shown, is quite reasonable for propa-
gation across the Rocky Mountains, but the field
strength values predicted by this curve will be too small
for reception at greater distances across the prairies
where the conductivity is high.

It is noted, in Figs. 6-8, that the predicted values of
summer daytime skywave field strengths are less than

12 0. Goldberg and R. 1. Woodward, “Radio wave propagation
over long distances at 100 kc,” IRE ‘Traxs. oN ANTENNAS AND
PROPAGATION, vol. AP-2, pp. 40-53; March, 1952,

4 \V. (). Crichlow, ]. \V. Herbstreit, E. M. Johnson, and C. E.
Sinith, “NMeasurement Technique and Analysis of a Low Frequency
Loran System,” Operational Res. Stalf, \Vashington, 1. C.,
Rep. No. ORS-P-23-5; May, 1940,
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those of the ground wave to distances of about 1500 km.
The predicted values of nighttime skywave appear to
be in reasonable agreement with measured values. The
somewhat lower nighttime values obtained experi-
mentally for 133.15 kc probably result from the method
of observation; field strength values were recorded at
15-minute intervals, which provided only a relatively
small statistical sample.

For propagation to distances greater than 1500 km
the skvwave field strength predominates, and decreases
in amplitude exponentially with increasing distance.
The outstanding feature of the data is the complete ab-
sence of a discontinuity in field strength at the optical
limiting range ol one-hop skywave. In addition, the
measured field strengths at distances greater than 2000
km are greater than would be expected from calculations
that assume a two-hop mode as given by (10). The dif-
ference between measured and calculated field strength
is most marked during summer davtime, that is, when
ionospheric absorption is great. For example, consider
the propagation of 180-kc waves over a 2600-km path.
The optical limiting range for one-hop dayvtime propaga-
tion is about 1880 km, the actual value being somewhat
greater than this due to bending of the low-angle radio
waves by the troposphere; see, for example, the discus-
sion by Bean and Cahoon.' Clearly, however, a 2600-
km path extends well inside the shadow zone [or a once-
reflected skywave. Assuming a twice-reflected skvwave
to be the predominant mode, and a ground conductivity
of 5X10~® mhos/m, the field strength for 1 kw radiated,
calculated from (10), is 0.002 uv/m. The measured field
intensity was 0.065 uv/m, which is obviously very much
greater than that calculated for the two-hop mode.

At large ranges a purely ray description of the first-
hop skywave begins to lose its validity. Wait and
Murphy!'® considered the diffraction by the earth’s bulge
of the first-hop skywave for VLF propagation. They
showed that the first-hop skywave did not cut off at the
optical limiting range and, in fact, the field strength in-
side the shadow zone fell off smoothly, and decreased
with distance in a manner not unlike the exponential
attenuation of a ground wave in the diffraction region.
A detailed study has since been carried out by Wait and
Conda of the computation of skywaves for ranges be-
yond their optical cutolf. The curves given can be used
to estimate the attenuation of the field strength inside
the shadow zone.

It seems likely that the most appropriate method of
calculation would be that for a symmetrical path of
propagation having the transmitter and the receiver
located within separated shadow zones, since this path
is the one of minimum phase. In the corresponding
model, the signal would be propagated as a skywave

15 B, R. Bean and B. A. Cahoon, “The use of surface weather ob-
servations to predict the total atmospheric bending of radio waves
at small clevation angles,” Proc. IRE, vol. 45, pp. 1545-1546;
November, 1957,

16 |, R. Wait and A. Murphy, “The geometric optics of VLF sky-
wave propagation,” Proc. I1RE, vol. 45, pp. 754-760; June, 1957.
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over the optical imiting distance of a one-hop skywave
and as a diffracted wave within the shadow zones lo-
cated at the extremities of the skywave path. Eq. (9)
can be used directly if effective values for Fr and Fp are
used, and if the other parameters are those appropriate
to skywave propagation over the optical limiting range
of a once-reflected skyvwave. For propagation of a 180-kc
wave over the 2600-km path discussed previously, the
shadow zones would extend for a distance of 360 km
from the transmitter and the receiver. If the conduc-
tivity within both shadow zones is assumed to be
5X107* mhos/m, the effective values for Fr and Fg can
be estimated'™ and are 0.13. It is estimated? that the
focusing factor is 2.8, and the ionospheric retlection
coetticient is 0.0035 (f cos 7 for 180 kc at near grazing in-
cidence at the ionosphere is about 26 kc). [ence (9)

leads to the estimate, E,=0.07 gv/m. This calculated
value of E, is in better agreement with the measured
value of 0.065 uv/m than the value previously calcu-
lated on the basis of a two-hop mode. lonospheric rough-
ness tends to reduce the effective value of the focusing
factor D, and so reduces the calculated field strength.
Inclusion of atmospheric refraction increases the limit-
ing distance of the once-reflected skywave, and so in-
creases the factors Fr and Fg, which increase the calcu-
lated field strength.

The suggestion is, in fact, that low-frequency waves
reflected once from the ionosphere contribute to the
field intensity at distances far bevond the geometrical
optical limit for these signals, in fact to distances of 2600
km and greater. During a summer dayv this can be the
predominant mode.
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The diurnal variation of field strength at a frequency
of 133.15 kc is shown in Fig. 9 from data obtained at
various receiving locations. These data are included to
show the diurnal variation of field strength and the man-
ner in which the variation changes with transmission
distance.

The Effects of Skywave Fading

The discussion of the preceding section has been con-
cerned with mean values of signal amplitude only. In
practice, the received signal has a statistical variation
of amplitude about the mean as a result of the char-
acteristic fading. In the engineering of radio systems the
received signal is considered customarily in terms of its
long-term amplitude variation. Unfortunately, com-
plete statistics are not available for low radio frequen-
cies and, although the factors introduced by signal fad-
ing are of considerable importance, this discussion must
be limited to a few general remarks.

The fading speed and the depth of fading depend on
the frequency, the transmission distance, and the time
of day. Only the skywave fades, so the fading of it alone
must be first considered, then the resultant fading of the
combined ground and skywaves can be calculated. The
speed of fading is least during the daytime and greatest
during the nighttime. The daytime skywave appears
to be predominantly specular. The amplitude is sub-
stantially constant and the phase change is regular. The
rate of change of phase and the total change can be pre-
dicted, because they depend on the diurnal variation of
the apparent height of reflection. The fading during
nighttime is much more irregular. The phase fluctua-
tions contain a random component, and a component
due to bodily movement of the reflection height. The
amplitude fluctuations are approximately Rayleigh. The
nighttime fading speed increases during geomagnetic
storms. The normal fading speed, which is to a first ap-
proximation independent of frequency and distance, has
a substantially constant quasi-period of about 7 min-
utes. Superimposed on this slow fade is a small com-
ponent whose fading speed is more rapid. The fading
speed of this small component varies directly with the
ceffective frequency for the transmission path, i.e., f cos i.
The lower the effective frequency, the smaller the depth
of fading.

For propagation over short distances, when the day-
time signal is due predominantly to the ground wave,
amplitude fluctuations are small. During the nighttime,
the skywave contribution will cause shallow fluctuations
in received signal amplitude, and the resultant ampli-
tude-probability distribution is of the displaced-Gaus-
sian type. The standard deviation of the amplitude fluc-
tuations represents the mean value, which in this case
is the same as the rms value, of the skywave contribu-
tion.

For propagation over long distances the skywave
amplitude, even during daytime, will be comparable to
or greater than the ground-wave amplitude. The day-
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time fading will be mainly due te phase interference be-
tween the ground and skywaves. Signal fading is then at
a slow rate, and the statistical analysis is hardly applica-
ble because of the small number of fading cycles. For
propagation over great distances, the skywave predom-
inates and the signal fluctuations can be described sta-
tistically.

The amplitude fluctuations which have been most ex-
tensively studied are those of nighttime. Ebert!” has
shown that the long-term amplitude probability distri-
bution of momentary values of field strength is almost
exactly Rayleigh distributed for radio waves 164 to
1466 kc propagated to great distances. The quasi-maxi-
mum and quasi-minimum values of field intensity (i.e.,
10 per cent and 90 per cent relative probability values)
are approximately 4.8 db greater than and 6.3 db less
than the 50 per cent, or median values. However, King!'8
has shown the probability distribution of amplitude of
845-ke waves propagated over a distance of about 1500
km is more nearly log-normal than Rayleigh. This im-
plies that the amplitude assumes large values more
often than would be expected on the Rayleigh distribu-
tion. Crichlow, et al.'* have plotted day and night sum-
mer values of 180-kc rms field intensity exceeded for a
given percentage of time for a large number of trans-
mission paths, ranging to 5000 km. Some of their plots
show good log-normal distributions, whereas the distri-
bution of others, averaged over the same period of time,
is closer to Rayleigh. There seems to be no systematic
change in the character of the fading with either dis-
tance or direction. The median values of the rims night-
time field strength exceeded 10 per cent and 90 per cent
of the time were, respectively, 6.7 db greater than, and
9 db less than the 50 per cent, or median value. Thus,
although the depth of fading is greater than that given
by Ebert, the median values of the 180-kc observations
are more nearly Rayleigh distributed than log-normal.
Ebert’s values are based on data which are by far the
most extensive observations extending over a year.

Atmospheric Noise

In the engineering of a low-frequency circuit, at-
mospheric noise is one of the most important factors to
be taken into consideration. To assess the atmospheric
noise in terms of the interference effect on signal recep-
tion requires a fairly complete knowledge of the noise
characteristics and, in addition, the effect these charac-
teristics will have on the receiving system. The practical
approach to atmospheric noise problems requires a sta-
tistical description of the noise fluctuations in amplitude
as a function of frequency, time of day, season, and geo-
graphic location of receiving site. This information to-
gether with information concerning the characteristics

7 W. v. Ebert, “Statistic der weitdistanz-nachtpropagation von
langund mittlelewellen,” Tech. Mitt. Schweiz. Telegr-Teleph. Verw.,
vol. 34, pp. 198-209; May 1, 1956.

8 J. W, King, “The fading of radio waves reflected at oblique
incidence,” J. Atmos. Terr. Phys., vol. 12, pp. 26-33; January, 1958,
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of the noise signal itself can then be utilized to deter-
mine optimum engineering parameters to facilitate sig-
nal detection. Considerable statistical work has been
carried out by many workers, with little agreement con-
cerning which parameters should be measured. Most
commercial noise measurement equipment is of the
quasi-peak variety, where the detector charge and dis-
charge time constants are designed to approximate vari-
ous tvpes of subjective interference. The quasi-peak
measurements have not been related to basic units, and
it is necessary to define the measurements in terms of the
time constant characteristics. As a result, the measure-
ments made by the various equipments have little agree-
ment and little interrelationship. It was recommended
by the National Bureau of Standards, in a recent report
to Commission 1\ of USRI, that steps be taken toward
standardization of a mathematically significant measure
of terrestrial radio noise and that the single parameter
most closely representative of the interference effect is
the noise power.

In recent vears, the most extensive measurements,
of the statistical characteristics of atmospheric radio
noise, are those of Watt and Maxwell.'? The statistical
parameters describing the noise depend on both time
and geographic location.

Atmospheric noise is due primarily to electromagnetic
radiation from lightning discharges. The majority of
atmospheric noise originates from several large storm
centers located over land masses near the equator. Those
that affect the reception of noise in North America are
located principally in Central America and the northern
part of South America. There is a seasonal shift in these
main storm centers, and there is considerable thunder-
storm activity in summer over the major part of the
North American continent. The precise seasonal and
diurnal variation of the atmospheric noise intensity is
dependent upon the receiving location. In general, the
intensity is greatest at nighttime, greater during a sum-
mer day than a winter day, and greater in the late after-
noon than in the early morning. The latter effect results
from the diurnal variation of ionization at low levels in
the ionosphere, and from the natural tendency for
thunderstorm activity to be of greatest intensity during
the midafternoon. Because major storm centers are to
the south of Canada, the intensity of atmospheric noise
decreases with increase of latitude. There is some indica-
tion that certain types of auroral activity may generate
noise in the low-frequency band at high geomagnetic
latitudes.

A good detailed study of the diurnal variation of the
intensity of VLI noise, and the change of the diurnal
variation with season, has been given by Lauter.?®

19 A D, Watt and E, L. Maxwell, “Measured statistical charac-
teristics of V'LF atmospheric radio noise,” Proc. IRE, vol. 45, pp.
55-62; January, 1957. Also, “Characteristics of atmospheric noise
from 1 to 100 ke¢,” Proc. IRE, vol. 45, pp. 787-794; Juue, 1957.

2 £, A, Lauter, “Der atmospharische storpegel in langtwellen-
bereich und seine tage- und jahres zeit lichen variation,” Z. Met., vol.
10, pp. 110-121; April, 1956.
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Graphs and charts have been made available by vari-
ous organizations for the prediction of world-wide at-
mospheric noise levels.?* Median values of rms noise in a
1-kc bandwidth are predicted for 4-hour time blocks for
each season of the year. However, the predictions are
seriously limited by the small number of data-recording
stations. To obtain information related specifically to
atmospheric noise conditions in Canada, the Radio
Physics Laboratory has developed and is now operating
equipment at two locations. These measure the rms
noise voltage in a 300-cycle bandwidth at frequencies
of 11, 30, and 135 ke. Preliminary data concerning the
mean logarithmic power of atmospheric noise at 10 and
107 ke have already been described by McKerrow.2

The median values of the rms noise voltages obtained
at Ottawa for the month of November, 1957, at a [re-
quency of 11 kc are shown in Fig. 10. The spread in
hourly values is indicated by the upper and lower decile
plots. It will be noted that the median values vary from
38 to 46 db above 1 uv/m in a 1-kc bandwidth. The rms
values predicted for 1957 at Ottawa at 11 kc are shown
in Fig. 11 for 1000 and 1800 hours as a function ol sca-
son. The graph shows a seasonal variation of 15 db in
rims noise amplitude.

Low-FREQUENCY SYSTEMS ENGINEERING

The techniques required to exploit fully the various
parts of the radio spectrum are determined customarily
by the characteristics of the propagating medium. At
low radio frequencies, the propagation medium is rela-
tively stable and fading occurs at a slow rate relative to
normal signaling speeds. Conventional receiving tech-
niques can accommodate the fluctuations in signal am-
plitude that occur during the nighttime hours. Thus, at
low radio frequencies, the propagating medium does not
impose any unusual restrictions on the modulation sys-
tems to be employed. However, important limitations
are imposed by other considerations such as system
costs, available spectrum, physical limitations of the
transmitting system, etc.

In the design of a low-frequency communication sys-
tem, the cost is almost entirely determined by the de-
sign of the transmitting installation and by the trans-
mitter power requirement. To effect economy of cost,
the engineering design efforts must be directed toward
minimizing the power requirement by the use of ethcient
radiating and modulation systems. The various factors
involved in the system design are discussed separately.

Low- Frequency Radiators

The amount of power radiated by the antenna de-
pends on the output power of the transmitter, the losses
in the transmission line, and the radiation efficiency of
the antenna. Practical antennas for use at low radio fre-

1 See, for example, NBS Circular 557.
2 C. A. McKerrow, “Some recent measurements of atmospheric
noise in Canada,” Proc. IRE, vol. 45, pp. 782-786; June, 1957.
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Fig. 10—Hourly median rms values of atmospheric noise recorded at
Ottawa at 11 ke for the moath of November, 1957,
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Ottawa for a frequency of 11 ke during 1957,

quencies are physically short compared with the operat-
ing wavelength: they also have low radiation resistance
and relatively high capacitive reactance. To resonate the
antenna at the operating frequency, it is necessary to in-
sert an inductance in series with the antenna. Because
the resistance of this inductance is usually of the same
order as the radiation resistance, it is customary to con-
sider this tuning inductance as a part of the antenna
svstem.

The total antenna resistance, R,, can be represented
as the sum of four resistances, as follows:

R,, = Rr + R" + Rt' + Ru,‘ (11)

where R, is the radiation resistance, R, is the ground
terminal resistance, R, is the resistance equivalent to the
insulation losses, and R, is the resistance equivalent
to the conductor losses. The radiation efficiency of the
antenna system, 7, can then be expressed as

R.
7 = ———— X 100 per cent

12
R.+ R. e

With proper antenna design the equivalent series loss
resistance due to insulation leakage, R;, is small com-
pared with the ground terminal loss resistance, R,. How-
ever, small fluctuations in insulator leakage produced
by wetting by fog, rain, or sleet, may cause variation in
the base impedance of the antenna which results in
serious detuning. This problem is of particular im-
portance in the case of FSK telegraphy because detun-
mg of the antenna will result in signal distortion. Ade-
quate insulation must be provided, and extreme precau-
tions must be taken to restrict severely both the magni-
tude and the variability of the insulator losses.

The ground terminal resistance, R, can be reduced
effectively by the provision of an extensive ground
screen. The design of an efficient screen is a major prob-
lem in the over-all design of the antenna system. The
dimensions of the ground screen for optimum perform-
ance depend upon the characteristics of the ground at
the antenna installation. The various design factors
must be considered on a comparative basis of effective-
ness vs cost. A detailed theoretical discussion of the de-
pendence of the antenna input resistance on the number,
diameter, and length of the radial conductors in the
screen, as a function of operating frequency and ground
constants, is given by Wait and Surtees® and by Wait
and Pope. Applicable, also, is the paper by Wait? con-
cerning the case of a ground screen located on the sur-
face of a layer of ice or snow, representative of condi-
tions encountered with a portable antenna operating
over ice or snow-covered terrain.

Since the actual antenna height of low-frequency an-
tennas is necessarily restricted to a small fraction ol a
wavelength, some form of capacitive top-loading should
be provided to increase the equivalent electrical height.
The top-loading may be in the form of a caged-T con-
figuration requiring two supporting towers, or in tri-
angular or diamond configurations requiring three or
more supporting towers. The characteristics of such an-
tenna configurations have been investigated in consider-
able detail (see Laport®). Because of the high construc-
tion costs of multitower antenna systems, the Radio
Physics Laboratory undertook an investigation of
single-tower, top-loaded systems, directed toward the
design of a radiating system that would provide per-

A, J. Surtees and J. R. Wait, “Impedance of a top-loaded an-
tenna of arbitrary length over a circular grounded screen,” J. A ppl.
Phys., vol. 25, pp. 553-555; May, 1954,

# 1R, Wait and W, AL Pope, “Input resistance of LF unipole
aerials,” Wireless Eng., vol. 32, pp. 131-138; May, 1955.

% J. R. Wait, “Note on LF portable antennas operating over ice
and snow,” Proc. Symp. on the Propagation of VLF Radio Waves.
Boulder, Cola., January 23-25, 1957, vol. 4, appendix C, pp. 62-60.

% E. A. Laport, “Radio Antenna Engineering,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1952,
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formance comparable to multitower systems but at less
cost. One form ol antenna system that appeared promis-
ing was the one investigated earlier by Smith and John-
son?’ for use at broadcast frequencies, and referred to
by them as the umbrella-type top-loaded antenna. The
top-loading consistsof a number of wires strung oblique-
ly to ground from the top of the radiator, electrically
bonded to the top of the radiator, and insu