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Preface

From the beginning of the twentieth century,
the Navy has been a pioneer in initiating new
developments in radio-electronics and a leader
in their utilization in military operations. Since
radio-electronics has become an instrumentalicy
of major importance, vital to the defense of the
United States, this document has been written co
give adequate expression, with supporting evi-
dence, to the important steps in its evolution as far
as possible. From its establishment in 1923, the
Naval Research Laboratory (NRL), through its re-
search and development activities, has played a
major role in this evolution, so the principal part of
this document is devoted to its contributions in this
field and their impact on military operations.

By way of introduction to the subject, the
Navy's early important radio-electronics develop-
ments through World War 1 are summarized in
Chapter 1. The impact of radio-electronics upon
the course of events leading to the establishment
of the Laboratory, its early program generation,
and organizational development are reviewed in
Chapter 2. The remaining nine chapters state
NRL's many accomplishments which have been
achieved through its research and development
work with respect to radio-electronic phenomena,
systems, equipment, and components in support
of the Navy's operational needs. The resulting
developments have greatly improved the opera-
tional capability not alone of the Navy but also
of the other military services and other govern-
ment departments of this country and its allies
and commercial interests.

Besides its general informative function, this
document may prove of value when change in
duty brings new responsibilities to officials
requiring background information on pertinent
specific radio-electronic topics as a basis for
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planning of future activities. Furthermore, it
may be useful to personnel beginning to engage
in work in specific fields through acquainting
them with what has transpired prior to their
entrance. An objective of this document is
to identify NRL's numerous scientific reports
which are associated with specific radio-electronic
topics, so that the detailed information these
reports contain may be made readily accessible
to those who may be involved with the subject
matter in the future. The document is so arranged
that each chapter can be considered as a separate
and distinct evolutionary treatise on the specific
radio-electronics areas of radio communication;
radar, radio remote control-missile guidance;
radio identification; radio navigation; electronic
countermeasures; precise radio frequency, time,
and time interval; electronic systems integration;
and satellite electronics.

About 1910, the original word “wireless,” as
relating to matters pertaining to propagated
electromagnetic waves, was superseded by the
word “radio” in the United States. To bring
about advancement in the radio field, the electron
tube was developed. The versatility of this tube
led w0 the word “electronics” to express its
broad field of applications. The term “radio-
electronics” as used in this document is intended
to indicate that the scope of the document
concerns that part of electronics dealing with the
utilization of radiations in the radio-frequency
specttum of particular interest to the Navy and
the other military services. The document cites
the Laboratory's contributions which have
advanced the operational capability of the Navy
in this field. It is not intended that it cover the
Laboratory's electronic achievements in such
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fields as acoustics and optics, since these have
been treated by other authors.*

The author of this document, during his career
of over 58 years in Naval research and develop-
ment, has had the great privilege of witnessing,
from an advantageous observation point, most
of the 75 years of evolution of naval radio-
electronics. Participation in activities in this
field from the beginning of his scientific career,
in early Naval laboratories, association with NRL
since its establishment in 1923, and service as
superintendent of the later Radio Division of the
Laboratory during a period of nearly 23 years has
enabled the author to develop and maintain
contacts with many knowledgeable members of
the Navy who have made important contribu-
tions, both operationally and scientifically, to
the advancement of Naval radio-electronics. The
author is greatly indebted to these individuals,
whose provision of much unique information has
made possible the writing of this document.

For nearly half of his career the author had the
opportunity of being associated with the Navy's
senior radio-electronics scientist, Dr. A. Hoyt
Taylor, whose scientific career spanned World
Wars 1 and Il. This association provided the
author with invaluable insight into the scientific
interpretation and treatment of Navy operational
problems. During World War 1, Dr. Taylor, in
addition to his Naval military responsibilities,
conducted research for the Navy in radio com-
munication. After this war, he was head of the
Naval Aircraft Radio Laboratory, Naval Air

*H.C. Hayes, “A Brief History of the Sound Division, NRL," Jan.
1947, NRL Library V394.B4.H396 Ref

Eliss Kiein, "Underwater Sound sad Naval Acoustical Research and
Applications before 1939,” ). Acoust. Soc. Am., May 1968, pp- 931.
947, NRL Library V394.B4.K53 Ref

Homer R. Bsker, "A Brief History of the NRL Sound Division
Under the Leadership of Dr. Harold L Saxton, 1948-1967," [ Wash-
ington, 1967) , NRL Library V394.B4.B3 Refl

J.A. Ssnderson, “Optics st the Naval R y," ApPP
Optics, Dec. 1967, pp. 2029.2043, NRL Library V394.B4.925 Ref

R.Tousey, “Highlights of Twenty years of Optical Space Research,”
Applied Optics, Dec. 1967, p.p. 2044.2070, NRL Library V394,
B4.T6 Ref
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Scation, Washington (Anacostia), D.C. In 1923,
through transfer of this Laboratory, he became
superintendent of the original Radio Division
of NRL, a position he held until the end of World
War I1. The original staff of this division grew
from a total of 23 to over 1000 during World War
11. The Laboratory's present Electronics Area has
resulted from the evolution of this original Radio
Division. As superintendent of this division,
Dr. Taylor was responsible for original develop-
ments in radio communication at high frequency,
very high frequency, and ultra high frequency,
and in the fields of radar, radio identification,
radio remote control with respect to guided
missiles, radio navigation, electronic counter-
measures, and precise frequency and time.

From an operational standpoint, Rear Admiral
Stanford C. Hooper, whose career covered the
period from 1905 through the early days of radio
and World Wars I and 11, had a marked influence
on the Laboratory’s early radio program. His
activities benefited the author’s understanding
of Naval objectives, viewpoints, and procedures.
During his career, Rear Admiral Hooper held
many key radio operational positions, including
that of the Fleet’s first radio officer, and Head
of the Bureau of Engineering's Radio Division,
which sponsored the Laboratory's early radio pro-
gram. His career culminated in the position of
Director of Naval Communications under the
Chief of Naval Operations. During their careers,
Dr. Taylor and Rear Admiral Hooper, each in his
respective field, had tremendous impact on the
advancement of Naval radio-electronics.

To make NRL's achievements readily apparent
to the reader, highlights of special significance
have been set forth in the text in boldface letters.

At the end of each chapter, appropriate refer-
ences to support the statements made in the docu:
ment are given, insofar as it has been possible to
locate the pertinent written material. Reference
sources include the Annual Reports of the Secre-
tary of the Navy (1898-1910), available in the
Navy Department Library of the Naval Historical
Center. The NRL Library has svailable the Bureau
of Engineering’'s Monthly Radio and Sound
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Reports (1919-1948), later called Bulletins,
and referred to in this document as NRSR (NRL
Library VG77.A15.B8 Ref); "Naval Research
Laboratory Legislative History, 1916-1942"
(NRL Library V394.B4.U56 Ref); and “Estab-
lishment and Organizational Documents of the
Naval Research Laboratory” (NRL Library
V394.B4.G41 Ref), containing copies of im-
portant papers relating to the formation and
organizational development of the Laboratory.
The NRL correspondence files, stored in the
National Archives and the Federal Record
Center, are available through letter file numbers
and index in NRL's Correspondence and Records
Management Office (CRMO, as used in the refer-
ences). Reference sources for both early and

later advances in Naval radio-electronics include
Proceedings of the Institute of Radio Engineers
(IRE, now the Institute of Electrical and Elec-
tronic Engineers, IEEE) and other journals, avail-
able in NRL Library, as well as numerous reports
and documents available in NRL's document
room. Important references to NRL's contribu-
tions are Dr. A. Hoyt Taylor’s “Radio Reminis-
cences: A Half Century,” available in NRL's
Library (V394.B4.T3 Ref), and “The First 25
Years of the Naval Research Laboratory™ (V394.
B4.T31 Ref).

The pictures in this document are numbered

to permit identification and location in the
Laboratory's photographic files.

LOUIS A. GEBHARD

This document is a revision of NRL Report 7600.
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Rare it is to find the combination of scientist
and historian —and in the right place at the right
time. The firse fifty years of the exploitation and

at the Naval Research Laboratory spanned an
exciting time in both fields. In the 1920s, radio
was in its infancy and radar was yet to be dis-
covered. In the interim, through the development
of electronic tube technology and breakthroughs
in transistor and printed circuit board technology,
radio has progressed to its present state of
sophistication; and radar, having progressed from
theory to practicality to military application,
is now a reality. High-frequency communication,

has its technological basis in the development

work done at the NRL during these fifty years.

And the man who chronicles these events as

3 they occurred in radioelectronics at NRL,

Dr. Louis A. Gebhard, is that rare combination.

In 1913, at the age of 17, he was issued one of

this country’s first radio operator’s licenses. In

1917, he was engaged in radio work while on

active duty in the U.S. Navy, stationed at the

Naval Radio Research Laboratory, Great Lakes,

& 1llinois. In 1919, as a civilian, he began original

research in aircraft radio communication at the

! Anacostia Naval Research Station, Washington,

D.C. Dr. Gebhard transferred to the NRL in
1923 on the establishment of the Laboratory.

By 1935, Dr. Gebhard had advanced to the

position of Assistant to the Superintendent of

the Radio Division; in 1945 he was appointed

Superintendent, a position he held until his

development of ideas in radio and electronics

the mainstay of the Navy in radio communication, .

Foreword

retirement in 1965. He was responsible for many
of the developments in radar, electronic counter-
measures, navigation, electronic data systems,
cryptographic techniques, high-frequency radio
communications, and satellite communication.
He engaged in many activities which estab-
lished the basic guidelines of the Navy's re-
search programs after World War I1.

Throughout his long career, Dr. Gebhard
displayed a remarkable ability to recognize
and exploit new and revolutionary technical
approaches applicable to a multiplicity of
serious naval problems. His insight, leadership,
and unflagging enthusiasm supported his scaff
in prompt exploration and application of many
important scientific breakthroughs to benefit
the Navy. He has received many awards for his
outstanding accomplishments, among them is the
Presidential Certificate which he received in
1946.

In 1924, Dr. Gebhard earned a L. L. B. degree
from Georgetown University; he was admitted
to the Bar and was accepted to practice before
the Supreme Court. He earned a B.S. in Electrical
Engineering from George Washington University
in 1930. He was awarded a Doctor of Juris
degree by Georgetown University in 1967. Over
90 patents have been issued in his name.

Dr. Gebhard's interest and enthusiasm for
NRL and science have not been abated by
retirement, but have resulted in this history
of radioelectronics during the first fifty years
of the Laboratory—a fitting pinnacle to a dis-
tinguished scientific career.

Lo foman

ALAN BERMAN
Director of Research
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Chapter 1
EARLY NAVY RADIO-ELECTRONICS

INTRODUCTION

At the beginning of the twenticth century, the
U.S. Navy realized that radio communication
had reached a stage of practicality such thar its use
might have great impact on tactics and strategy.
Long-distance communication with ships under-
way, hitherto impossible, could increase the
effectiveness of its operations at sea. Rapid,
direct control from Washington of its sea forces
as they ranged the oceans of the world would be
possible, enhancing their application and power.
The nation would gain in worldwide prestige and
in its diplomatic and economic posture. As these
considerations became manifest, the Navy pro-
ceeded with initial installations on its ships and
at its shore stations of the best radio-communica.
tion equipment it could procure. The Navy there-
after followed a program of improvement which
has continued to the present day. The conduct of
the program resulted in the Navy's becoming the
principal sponsor of radio-electronics in this
country and a pioneer in its early development.

The importance and uniqueness of radio com-
munication relative to Navy use gave the Navy
dominance over other users and placed it in a
strong position to obtain funding from Congress.
Thus. the Navy was able to provide the principal
support in fostering the rapid growth of a radio
industry in this country. Due to the availability
of this industry, possible compromise of national
security through reliance upon foreign suppliers,
particularly in wartime, was avoided. Navy
sponsorship was particularly important to the
new industry during the critical period following
the initial installavon of equipment on com-
mercial vessels, to provide for safety at sea. After
this initial activity, little financial return was to

R Tl e ey

be had from other commercial radio manufac-
turing. This situation continued for nearly two
decades, until the advent of radio broadcasting
during the 1920'.

The Navy's recognized leadership in radio
placed it in an authoritative position to have
important influence on national legislation and
international agreements to control the use of
radio to avoid interference. The Navy became the
spokesman for the executive department of the
government in an effort which resulted in the first
legislation to control radio use in the United
States. It also originated the plan which became
the basis for the international control of the
assignment of frequency channels in the radio
spectrum, accepted by the nations of the world.
At the beginning of World War I, the President
designated to the Navy responsibility for taking
control of all the nation's radio-communication
facilities (except Army field activities) and
operating them for the duration of the war.
During the war the Navy had the responsibility
tor handling all radio-communication traffic with
foreign nations. After the war the Navy played
a major part in the formation and establishment
of the organization which became the present
Federal Communications Commission.

Among the achievements resulting from the
Navy's early initiative and sponsorship of re-
search, one of far-reaching importance was the
development of the reliable electron tube during
World War 1. Prior to this development, tubes
had such short life and poor performance as to
make them unsatisfactory for service use. The
availability of reliable electron tubes after the
war was a major factor in the great expansion the
radio industry experienced with the advent of
radio broadcasting. The versatility of the elec-
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EARLY NAVY RADIO-ELECTRONICS

tron tube ushered in the new era of electronics
which in later years was to have a tremendous
impact on the nation's economy and interests.

The Navy was early to recognize the value of
an in-house scientific activity to provide support
in the radio field and established a laboratory
for this purpose in 1908. Later, this support was
augmented by additional facilities to engage in
other phases of the radio field. These activities
proved their worth, particularly during periods
of lack of commercial interest in the Navy's
progressive needs, which was strongly evident
both before and after World War I, when profits
from large procurements were fot available.
When the establishment of the Naval Research
Laboratory was proposed, those members of the
Navy staff directly responsible for the existing
radio activities gave early and strong support to
the proposal. They realized that consolidation
of radio activities at one location in the new
Laboratory, and association with other fields of
science in which the Laboratory was to engage,
would bring increased effectiveness and pro-
ductivity. In the Naval Research Laboratory,
the Navy gained a fertile capability in radio-
electronics which placed at its command new
scientific means of critical import to its success
in contending with the new and much more
powerful modes of warfare it was to experience
in future years.

The highlights of the technological progress
in radio-electronics brought about by the Navy,
the sequence of eveats following the early origin
of the Navy's in-house research activity in chis
field, culminating in its consolidation with the
establishment of the Naval Research Laboratory,
and the extensive contributions of this Labora-
tory which have enabled the Navy through the
ensuing years to maintain its scientific leadership
in the field, are reviewed in this document.

THE INCEPTION OF
U.S. NAVAL RADIO

Toward the close of the 19th century experi-
menters had achieved considerable success in
demonstrating the practicality of radio com-

munication.'* The Navy followed these develop-
ments with keen interest, in view of its increasing
need for more rapid communication between the
Navy Department in Washington and Naval
squadrons operating in various parts of the
world.® Cables to many remote points were
available, but rapid communication between
these points and ships at sea was lacking. In 1898
this need was highlighted by Admiral George
Dewey’s experience at Manila Bay during the
war with Spain, in which fighting could have been
terminated sooner if prompt communication had
been available® When Guglielmo Marconi first
brought his radio equipment to this country to
report the International Yacht Races held off
the New Jersey coast in September 1899, the
Navy arranged for a group of officers to witness
its performance. The favorable results obtained”
led to a demonstration of Marconi's equipment
installed on the USS NEW YORK (armored
cruiser No. 2), the battleship USS MASSA-
CHUSETTS (BB-2), and the torpedo boac USS
PORTER (DD-59), and on shore at the High-
land Light at Navesink, New Jersey. The Navy
appointed a board of officers to observe tests of
the equipment, which were conducted in late
October and during November 1899.2 The tests
were successful and demonstrated the utility of
ship-shore and ship-ship radio communication.®
The USS MASSACHUSETTS was able to re-
ceive transmissions from the USS NEW YORK
out to a distance of 46 miles. On 2 Nov. 1899,
the first “official” naval message transmitted
from a naval ship was sent from the USS
NEW YORK to the Navesink, New Jersey,
station to provide for refueling the ship at
the Navy Yard.!?

BEGINNING OF THE NAVY'’S RADIO
COMMUNICATION SYSTEM

At the conclusion of the 1899 tests the Navy
proceeded to negotiate with the Marconi Wire-
less Telegraph Company to obtain equipment
in quantity for installation on its ships and at
its shore stations. However, this company was

. .
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EARLY NAVY RADIO-ELECTRONICS

USS NEW YORK AND USS MASSACHUSETTS

In the Navy's first trials of ship-to-ship radio communication, Marconi's equipment
was used successfully to send transmissions between the USS NEW YORK (top) and
the USS MASSACHUSETTS (bottom) (1899).
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EARLY NAVY RADIO-ELECTRONICS

COMPONENTS
1 — High voltage induction coil

2 — Mercury-jet rotary primary current
interrupter

3 — “Variable inductance” — HF autotrans-
former, with seven Leyden jars inside —
total capacitance — 0.014 uF

4 — Adjustable spark gap

5 — Transmitting key

6 — Receiver unit with an antenna switch,
relays, coherer (glass tube 4 mm inner
diameter filled with nickel-silver alloy

oxidized filings — exhausted — elec-
trodes 1 to 3 mm long)

7 — Receiver tuning coit

8 — Morse tape printer

—— ELENENTARY DIAGRAM of CONNECTIONS —
— SLABY-ARCO W.T, STATION.

60834 (311b)

NAVY'S FIRST RADIO EQUIPMENT

The U.S. Navy's first "wireless” (radio) equipment is shown here as installed on the
USS PRAIRIE (1902). This equipment, called the Slaby-Arco system, was produced by
the General Electric Company, Berlin. The “spark™ transmitter had a power input of
1 kW and a range of 100 miles, and it operated at a wavelength of 200 to 400 meters
(750 to 1500 kHz2). The receiver used a coherer detector and a telegraph signal printer.
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EARLY NAVY RADIO-ELECTRONICS

reluctant to sell equipment outright and instead
offered a royalty arrangement which was not
acceptable, since the Navy believed it would
lead to a monopoly in this country. Furthermore,
there was concern over interference experienced
in the tests when two stations were transmitting
at the same time and whether adequate selec-
tivity could be provided to avoid this inter-
ference. In view of these considerations the Navy
decided to investigate all likely sources of
equipment and to select the best for quantity
procurement.'!

Radio equipments produced by United States
and European organizations were studied to
determine their potentialities and availability.
As a result, prior to the end of 1902, the Navy
purchased equipments from two American and
four European companies for comparison. Test
stations were established at the Washington
Navy Yard and the U.S. Naval Academy, An-
napolis. Maryland. Two ships, the USS PRAIRIE
and USS TOPEKA, were made available?
Testing conducted during the fall of 1902 and
the spring of 1903 resulted in the selection of
the Slaby-Arco System, produced by the General
Electric Company, Berlin.'® During the tests,
communication was maintained between the
USS PRAIRIE and the Annapolis station out to
a distance of Y0 miles, and between the two ships
out to 62 miles.'"* Forty-seven Slaby-Arco equip-
ments were purchased in 1903. These, together
with other equipments obtained for the tests,
provided a total of 58 equipments which were
installed on ships and at shore stations. With
the completion of these initial radio installa.
tions early in 1904, the U.S. Navy's radio-
communication system was launched.'

EARLY RADIO EQUIPMENT
DEVELOPMENT

In 1903 the Bureau of Equipment of the Navy
Department established a Radio Division, to
have cognizance over the procurement of radio
equipment. This division proceeded to provide
additional equipment for expansion of the Navy's

system. Equipments of higher power and greater
sensitivity were needed to cover greater dis-
tances and to operate without mutual inter-
ference and with greater reliability. The newly
acquired Panama Canal Zone brought about the
requirement for communication with the main-
land and with ships and bases in the Caribbean
Sea.!* The diplomatic difficulties encountered
in the use of submarine cables at Manila during
the Spanish-American War emphasized the im-
portance of radio to provide communication
coverage of the Pacific. Sources of supply of
radio equipment within the United States were
sought to avoid procurement hazards inherent
in relying on foreign sources, particularly in
wartime. By 1906 the Navy had obtained from
seven commercial concerns equipments for 57
ship and 39 shore stacions, totaling 96, nearly
half the total number of stations in the world."?
In the tests of these equipments which followed,
ranges up to 640 miles between ships were
covered.'® Shore stations were established at
23 key points on the east and west coasts of the
United States. A station in Panama gave accept-
able communication with one in Florida, pro-
viding the required contact with the Canal Zone.
Stations in Cuba and Puerto Rico provided addi-
tional coverage of the Caribbean. Installations
at Pearl Harbor, Hawaii, and Cavite, Philippine
Islands, and on the islands of Guam, Marianas,
and Tatoosh (Washington), provided the first
coverage of the Pacific.'®

EARLY RADIO TRANSMITTERS

Heinrich Hertz, in demonstrating the basic
principles of radio for the first time (1887-1888),
used line-of-sight propagated frequencies (ap-
proximately 24 to 960 c¢m, or 31.3 to 1250
MHz).?® The range possible in direct transmis-
sion over the surface of a curved earth was thus
severely limited. Marconi's success was due to
the use of the lower frequencies, which extended
the transmission range through refraction by
the ionosphere. A frequency of approximately
313 kHz (960 meters) was used in the first trans-
Atlantic radio transmission emitted from the
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10-kW scation at Poldhu, England, and received
by Marconi on 12 Dec. 1901, at Saint John's
Newfoundland.®* Another factor attending his
success was his use of the “coherer,” attributed
to Edouard Branly (1890),22 which provided a
much more sensitive detector than the “spark
gap~ used by Hertz. Furthermore, with the
“spark” technique then available, the use of the
lower frequencies permitted the generation of
much higher radio-frequency transmitter power.

Spark Transmitters

Early radio installations utilized the spark
transmitter, which derived its energy from the
discharge of a capacitor (Leyden jars) across a
fixed gap. The capacitor was charged by an induc-
tion coil operated on direct current through an
interrupter (vibrator, mercury, or electrolytic)
or by a transformer powered by alternating
current. Antennas were made as large and high
as ship masts and superstructure permitted. The
wavelength of the transmitter was largely con-
trolled by the characteristics of the antenna.
Only rudimentary tuning was incorporated in to
the circuits. Due to the spark method of genera-
tion, the radio-frequency energy was spread over
a very wide frequency band, resulting in serious
mutual interference between stations. By 19006,
coupled circuits were extensively utilized, with
primary and secondary circuits separately tuned,
this innovation provideqd some improvement in
limiting the spread of the energy in the radio-
frequency spectrum.?* Subsequently, the spec-
trum occupancy was further reduced through
“quenching” of the spark. The fixed enclosed
quench gap, the rotary quenched gap, and the
“timed spark” were introduced to accomplish
this reduction. The interference experienced
was to a certain extent also due to the lack of
proper assignment of frequency channels to
stations and to inadequate disciplinary control
of personnel.

The standard wavelength for spark transmis-
sions from Navy ships and shore stations was
first set at 320 meters (938 kHz). Later this
assignment was changed to 600 to 1000 meters

(300 to 500 kHz) for ships?' Shore stations
were assigned wavelengths up to 2700 meters
(111 kHz). Navy procurement of transmitters
for ships continued at power levels from 1/2
kW up to 10 kW. By 1906 power levels up to
35 kW had been attained for shore stations.
Power capabilities continued to increase until
the peak of the spark-type transmitter was
reached in the 100-kW synchronous rotary
spark-gap transmitter, which the Navy obtained
from the National Electric Signalling Company
and installed at the Arlington, Virginia station
in 19123 In comparative long-distance tests at
that time, this spark transmitter (2500 meters,
120 kHz) proved inferior to a 35-kW “arc”
cransmitter developed by the Federal Telegraph
Company and installed at the same station
(1913). This event, together with the subsequent
availability of the vacuum-tube transmitcer,
resulted in the decline in procurement of spark
transmitters, which ceased altogether after
World War 1. The spark technique basically was
not capable of improvement to meet the Navy's
recognized requirements for interference-free,
tactical and strategic communications. However,
it had served well in providing a simple, readily
available means of generating radio-frequency
energy to facilitate the early utilization of a
new and important communication capability.

Arc Transmitters

The superior qualities of undamped, con-
tinuous waves, particularly with respect to
mutual circuit interference, were recognized
quite early, but difficulties in generation, fre-
quency stability, control, and reception had to
be overcome before they were acceptable. The
“ar¢” method of generating continuous waves
through the use of a resonant circuit containing
a direct-current arc between carbon-copper elec-
trodes in a magnetic field and a hydrogen atmo-
sphere had been introduced by Valdemar
Poulsen in 1903. However, not until 1907 did
the Navy obtain its first arc transmitters as
part of its first radio-telephone equipment.
This equipment was intended to meet the Navy's
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EARLY RADIO COMMUNICATION INSTALLATION BATTLESHIP
USS NEW JERSEY (1914)

The “spark” transmitting and receiving equipment in the radio room of the LSS
NEW JERSEY is a typical pre-World War 1 installation. To the left is the spark
transmitter: the spark gap is below the shelf, the Leyden ijar capacitance is above,
and the loading coils are at the top. To the immediate right is the oscillation trans-
former (on bench), and the “wave changer” is at the top. The crystal receiver is at
the extreme right

.-
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THE NAVY'S PRIMARY RADIO STATION,
WASHINGTON, D.C. (1913-1956)

NAA was the Navy's “central’ radio station for communication from the Navy
Departiment to Fleet Commanders and provided coverage of the Atlantic and con-
tinental U1.S. The installation included the highest radio towers in the U'S, the
“Three Sisters” (one 600 fr, two 400 (1), located at Arlington, Virginia, and the
most powerful transmitter in the US. (100 kW, 113 kHz). This transmitter (lower
picture) comprised a generator and rotary spark gap (lower left), compressed-air
capacitance (in tanks, lower right), and oscillation transformer (top).




-~

EARLY NAVY RADIO-ELECTRONICS

fleet tactical communication requirements.
Two equipments, constructed by the DeForest
Company, and installed on the battieships
USS CONNECTICUT and USS VIRGINIA,
gave fair results. Subsequently, 26 equipments
were obtained and installed on the ships par-
ticipating in the famed Greac White Fleet in its
around-the-world cruise begun in late 1907.26
Hasty construction due to the short time allowed
tor delivery and lack of follow-up and of ade-
quately trained operating personnel caused poor
performance, resuiting in abandonment of the
equipment. As a result the Navy was without
radiotelephone  equipment until about 1917
This experience was an important factor in re-
tarding the development of intrafleet radio
communication.

The arc transmitter, due to its output of
undamped waves, produced much less inter-
ference than the spark transmitter. This factor
became of considerable operational importance.
As previously mentioned, an arc transmitter of
30-kW rating had outperformed a 100-kW
spark transmitter. This accomplishment occurred

60834 (H-310)

in 1913 in overseas (Atlaatic) tests carried out to
a distance of 2100 miles in dayume, using the
same large antenna at the Arlington, Virginia
station for both transmitters. Based on the re-
sults of these tests, the Navy ordered ten 30-kW
arc transmitters for shipboard use and one of
100-kW power for installation at the Darien,
Canal Zone station. Subsequently the Navy, in
developing its high-power chain of radio sta-
tions, installed arc transmirters at Chollas
Heights, California (200 kW), Pearl Harbor,
Hawaii (350 kW), Cavite, Philippine Islands
(350 kW), and Annapolis, Maryland (500 kW),
the last being completed in 191827 These were
the highest powered arc transmicters in che
United States. They were replaced by the model
TBJ] S00-kW vacuum-tube transmitters in June
1934. A considerable number of arc transmitters
of 2 to 30 kW power levels were installed,
principally on the larger Navy ships. However,
reception aboard the same ship during arc trans-
missions, even with large frequency separation,
was impractical due to interference from arc
“mush” and the proximity of the equipments.

THE HIGHEST POWER ARC GENERATORS
IN THE UNITED STATES

Two S00-kW arcs (17.50 kHz) were installed in the US. Naval Radio Station, Annap-
olis, Maryland (NSS) (1918) for coverage of the Atlantic Ocean, England, and Europe
The arcs were replaced by the Model TB) S00-kW vacuum-tube transmitter (1934,
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TYPICAL WORLD WAR 1 ARC TRANSMITTING AND
RECEIVING SHIPBOARD INSTALLATION

The 5-kW arc transmitter is shown at the center, the loading coil at the upper left,
and the receiver ar the lower right. These equipments provided ranges up to 4000
miles operating on wavelengths between {200 and 3000 meters (250 to 100 kHa).

This interference could be avoided in shore
installations, which permitted adequate physical
separation of reception and transmission facili-
ties. Arcs gave their best performance at the
longer wavelengths and were assigned channels
principally in the range 2000 to 4000 meters
(75 to 150 kHz) for ship installations and 4000
to 17,000 meters (17.5 to 75 kHz) for shore
installations. The arc transmictter reached its
peak at the 1000-kW level, as developed by the
Federal Telegraph Company under Navy sponsor-
ship for the Lafayette Radio Station near Bor-
deaux, France. This station was turned over to
France in 192028

By this time, the vacuum-tube transmitcer
proved capable of greater effectiveness in spec-
trum occupancy than the arc, since it could be
far more precisely controlled in frequency and
was free of the "mush” attending the generation
of the arc’s radio-frequency energy, which caused
considerable interference. Furthermore, vacuum-

10

tube circuits were capable of amplification and
modulation with great flexibility and precision,
a capability not possessed by the arc. By 1922,
the problem of producing a vacuum-tight seal
between copper and glass had been solved,
making the use of the water-cooled metal anode
tube feasible.?®3 High radio-frequency power
to match that of the arc could then be produced:;
the arc was thereafter displaced by the vacuum-
tube transmitter. Its demise was accelerated
during the 1920's through the advent of exten-
sive national interest in radio broadcasting and
the reaction of the public to the annoyance
caused by the "arc mush” interference.

High-Frequency (HF) Alternator
Transmitters

Beginning in 1903, the HF alternator, in the
form of a rotating machine, had been looked
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upon as an attractive source of HF energy. It was
free of the mush, characteristic of the arc, but
presented difficulties in design with respect to
high power, frequency stability, modulation,
and operation at a sufficiently high radio fre-
quency, which had to be overcome. In early 1917,
the General Electric Company completed a 50-
kW HF alternator based on a design by Dr. E. F.
W. Alexanderson. Two such alternators were
installed at the American Marconi Company
station at New Brunswick, New Jersey, which
was taken over by the Navy at the beginning of
World War 1. These alternators were found to
have performance superior to that of a 100-kW
arc due to the relatively pure sine wave of the
gencrated power, high efhiciency, and ease of
modulation. Subsequently, the General Electric
Company developed a 200-kW, HF alternator
(22.05 kHz) which was installed at the New
Brunswick station in January 1918 for Navy
operation.3 This transmitter carried the bulk
of the radio traffic between this country and
Europe for the remainder of World War I and
tor a period thereafter. On 1 Mar. 1920, Presi-
dent Wilson approved the return of the radio
stations taken over by the Navy during World
War I to their owners, thus causing the transfer
of the New Brunswick station and the alternators
to the Radio Corporation of America, successor
of the Marconi Company. The superiority of the
alternators and their value to radio communica-
tion was well recognized by the Navy. However,
the progress made in the development of vacuum
tubes with water-cooled copper anodes which
could provide high power with mechanical
simplicity, ease in changing frequency over a
wide range, capability of operation at very high
frequencies, and far better control brought about
the Navy's abandonment of the HF alternator.

EARLY RADIO RECEIVERS

Early radio receivers used the "coherer” detec-
tor, comprising a tube containing metal flings
which became conductive through coalescence
when subjected to a radio-frequency field. The
coherer operated a tape recorder and a “tapper”

which decohered the filings by striking the tube,
thus reactivating the circuit. In some installa-
tions the coherer was connected directly to the
antenna and ground, and in others it was coupled
through a transformer. As was the case with the
early transmicter, the selectivity of the early
receiver depended almost entirely upon the char-
acterisitcs of the antenna to avoid interfering
signals.

As a result of the early radio tests, the Navy
was convinced that the solution of the problem
of selectivity was vital to success in its utiliza-
tion of radio circuits for communication between
its various ships and shore stations, many of
which must operate simultaneously. Immediate
attention was focused on this problem. By 1902,
the use of tuned coupled circuits to improve
selectivity had begun. Inductances, adjustable
with taps and continuously variable by means of
“sliders,” and continuously variable capacitors
had been developed. By 1906 circuits of im-
proved selectivity were in general use. However,
the extent of improvement was limited by the
efficiency of the circuit components available
at that time and by the limitations of Navy
procurement procedures in the selection and
control of contractors. By 1906 the superior
properties of the electrolytic, magnetic, and
crystal (e.g, silicon, carborundum, galena) de-
tectors had become recognized, and these dis-
placed the coherer. The telephone receiver head-
phones accompanied these new detectors to
provide a combination for aural reception having
considerably greater sensitivity than the coherer.

The Navy's adoption of arc transmitters for
operational use required a new means of detec-
tion suitable for reception of the continuous
waves generated by the arc. This need brought
about the development of the "tikker” circuit,
employing a rotating metallic wheel with a brush
in light contact. This device, due to variability
of the contact, produced groups of audible
sounds in the headphones corresponding to the
transmissions by the charge and discharge of a
capacitor. The tikker was soon superseded by
the: “heterodyne” method of reception, which,
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EARLY RADIO RECEIVER (MODEL IP-76)

This receiver (circa 1910) comprised a primary coil for the antenna circuit, into which a
secondary coil for the local ciccuit could slide for “coupling” adjustment. The “tuning”
was accomplished with taps on the coils. The receiver used a crystal detector. An experi-
mental “audion” tube detector is shown on the table at the right, with another somewhat
| to the left. The verrical cylindrical containers with knobs on top are early variable con-
, densers. Several paits of headphones are also seen. A considerable number of the 1P.76
receivers were procured and distributed to the Fleet and co land stations.

. although devised by Reginald Fessenden in 1902,
was not found practical until the oscillating
vacuum-tube circuit became available in 1913.

EARLY VACUUM TUBE RADIO
EQUIPMENT

Although Lee DeForest invented the three-
element vacuum tube (“audion”) in 19006, it was
not until 1912 that the multistage audio amplifier,
and in 1913 the oscillator using chese cubes,
became available. During 1913 the Navy pur-
chased a number of DeForest audio amplifiers
equipped with audion tubes, assigning one to
each ship and shore stacion. The amplifiers,

although quite limited in gain, nonuniform in
performance, and unreliable, were used to some
extent until early in World War 1. The Navy
also obtained a considerable number of DeForest
vacuum-tube oscillators, termed “ultraaudion,”
about this time, but they were of such poor
quality the Navy had to redesign them. However,
their use made feasible the Fessenden heterodyne
method of reception which, with its clear "beat”
note, was for continuous-wave reception far
superior to the tikker method.

The Navy, in its efforts to utilize vacuum
tubes, experienced great difficulty in obtaining
tubes of adequate performance, uniform quality,
long life, and of low enough cost to make their

12
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ELECTRON RECEIVER TUBES USED IN EARLY NAVY RADIO EQUIPMENT

The audion (1912) gave very listle amplification and was soon replaced by the J tube (1913), which gave excellent amplifica-
tion at audio frequencies, was reliable, and had a good life span. The N tube (1919) was the first attempt at miniaturization
and had reasonably good life. It was used in the first detection of ships by means of radio waves (1922).

general use economically feasible. Although
attempts were made by various organizations to
improve the vacuum tubes, considerable time
elapsed before acceptable tubes became available.
By 1913 the American Telephone and Telegraph
Company (AT&T Co.) had developed a receiving
vacuum tube employing an oxide-coated cathode,
which had substantial gain and reasonably long
life. This tube, which became known as the ]
tube (later CW933), was subsequently incor-
porated in many Navy radio receivers.’ |n
1920 a small counterpart of the J tube, known as
the N tube, was developed for the Navy (AT&T
Company) as a first attempt at miniaturization.

. - . . © ., ey s e

However, this tube found only limited use.
These tubes were followed by a thoriated-
filament tube (SE1444) which had superior per-
formance in receiver amplifiers operating at
radio frequencies. It was used to a considerable
extent in communication and navigation equip-
ment, particularly that for aircraft. These tubes
were all triodes. and truly superior amplifica-
tion performance in receiver tubes did not
become available until the tetrode tube, with its
shielded grid, appeared later in the 1920's.
Substantial increase in the power output of
vacuum tubes was not attained until 1915, when
the AT&T Company developed the first vacuum
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tube producing as much as 5 watts output. This
tube was incorporated by the AT&T Company
into a transmitter comprising a master oscillator
and two-stage power amplifier which provided a
historic demonstration of the potentialities of
radio telephony during the period from June
through October 1915. The final amplifier used
550 tubes in parallel to obtain high power
(2.5 kW). The transmitter was installed at the
Navy's Arlington, Virginia, station and was
connected to its 600-ft-high antenna. The voice
and music transmissions (120 kHz) were heard by
Navy stations at Darien, Canal Zone, Mare
Island, California, and Honolulu, Hawaii, and
by the Eiffel Tower station in France 3

The equipment was used again during the war
mobilization period in May 1916 for two-way
conversation between Navy Secretary Daniels
in Washington and USS NEW HAMPSHIRE off
the Virginia Capes, which used a lower-powered
radiophone equipment.

The transmitter tubes used in the AT&T Com-
pany Arlington equipment proved to have very
short lite and thus were not satisfactory for
normal Navy operations. Under Navy sponsor-
ship, the AT&T Company developed a 5-watt
transmitting tube, known as the E tube (later
CW931), which also employed an oxide-coated
cathode ™ This tube had acceptable service
performance and was incorporated together with
the | receiving tube by the AT&T Company into
equipment for the Navy (1916).3¢ During
World War I, over 1000 sets operating at 500
to 1500 kHz (CWY36), using these tubes and
designed for shipboard operation, were installed
on submarine chasers, destroyers, and bartle-
ships. Thesc equipments were of inestimable
value in the antisubmarine campaign. The British
also made use of this equipment in their opera-
tions. This equipment provided a considerable
improvement over the spark and arc equipments
in reduced interference between stations and
facility of operation. This vacuum-tube equip-
ment made effective voice communication for
Fleet operations available for the first time.®
A similar equipment (CW1058), designed for
aircraft operation, found service use, although

FIRST EFFECTIVE VOICE
COMMUNICATION EQUIPMENT

This equipment, the CW9306, was intended for Fleet opera-

tions and was used extensively during World War 1.

reception performance on aircraft was very poor
due to the existing high interference levels. 3

Toward the end of World War | the General
Electric Company began the development of a
series of highly evacuated rtungsten filament
vacuum tubes with power levels of 5 watts
ttype T, later CG1162), 50 waus teype U, later
CG1144), and 250 watts (type P, later CGY16).
These tubes, although not having the emission
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eficieacy of the oxide-coated cathode, proved to
have acceptable life, uniformity, and reliability
and were “standardized” for Navy service3":3

By early 1921 the General Electric Company
had produced a 1-kW tube (type CG2172), and
by fate 1921 a 5-kW (nominal) tube (CG1353).
At this cime both the General Electric Company
and the AT&T Company had developed tubes
employing water-cooled metal anodes, and this
type of tube was used thereafter to provide the
higher powers in Navy equipment. The lower
power tubes were further improved through
replacing the pure tungsten filaments with
thoriated filaments, thus considerably increasing
the electron emission and power-level perfor-
mance of the tubes.

Tubes of the General Electric Company series
were first used in several aircraft radio transmit-
ters produced for the Navy and made by the Gen-
eral Electric Company at the end of World War
13234 Syubsequently, they were incorporated into
a series of transmitters of several power levels
for shipboard and shore-station operation,
covering frequency bands in the medium and
lower frequency parts of the radio spectrum.3®

INCEPTION OF NAVAL IN-HOUSE
RADIO RESEARCH

Early Navy radio equipment was developed by
commercial companies under Navy sponsorship,
since the Navy did not possess a suitable in-
house capability. Although Naval military per-
sonnel made such modifications of equipment as
were possible with available facilities, cheir
attention was directed principally to the drafting
of specifications, the issuance of contracts,
supervision of tests, and acceptance of equip-
ment under procurement. The Navy had to place
considerable reliance upon the statements of
manufacturers as to the performance which could
be expected from equipment. Up to 1908, asess-
ment of the performance of radio equipment
was almost entirely on a qualitative basis. Quan-
titative measurements, even by the commercial
concerns developing the equipment, were
limited. Some measurements of wavelength,
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capacity, and inductance had been made, but no
quantitative measurements had been attempted
for aspects such as energy losses in components.
The determination of the efficiency of trans-
mitting and receiving equipment could not
properly be made. There was no “well-defined
conception of the laws relating the energy sent
out from the sending antenna and that received
at the receiving antenna, beyond a distance of a
few miles.”® As a result, specifications and tests
were directed primarily to the communication
distance covered and to the capability of equip-
ment to continue operating, particularly in a

shipboard environment.
As previously mentioned, by 1908 the Navy

had experienced failure to obtain satisfactory
performance from a considerable number of
early radio-telephone equipments it had pro-
cured. It was realized that this failure was due
largely to the lack of an in-house organization
with adequate technical competence which
could concentrate its efforts on radio problems.
This situation led to the establishment of
the U.S. Naval Radio Telegraphic Laboratory
in the autumn of 1908, under the Navy's
Bureau of Equipment. Working space and fa-
cilities were made available for it at the National
Bureau of Standards, although a considerable
portion of the work for it was done at Navy radio
stations ashore and on shipboard. The laboratory
was placed under the direction of Dr. L. W.
Austin, a noted physicist and an authority on
radio, who continued as its head uncil che labora-
tory was merged with others to form the Radio
Division of the U.S. Naval Research Laboratory
(NRL) in 1923. Its scaff reached a peak of approxi-
mately ten persons.

The Naval Radio Telegraphic Laboratory
carried on an extended effort to obtain data on
laws which govern the radiation of radio waves
over long paths. Observations were made on
transmissions from various Navy ship and shore
stations on low and medium frequencies. As a
result, what is considered to be the first
formula for radio-wave propagation over
ionospheric paths, supported by experimental
data, was developed.*® This became known as
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U.S. NAVAL RADIO TELEGRAPHIC LABORATORY (1908-1923)

NRTL was the Navy's first radio laboratory. A Type IP-76 radio receiver (far right) is being investigated using audion tube
equipment (on table). This receiver was widely used until early in World War 1.

the Austin-Cohen formula. Original work was
also done on the measurement of antenna radia-
tion resistance, the losses in inductances and
capacitances, the performance of various crystal
detectors, the analysis of three-element vacuum-
tube circuits. and the characteristics of arc oscil-
lation generators. The laboratory also assisted
the Navy in the preparation of specifications and
the testing of radio equipment.

AIRCRAFT RADIO COMMUNICATION

‘The Navy's interest in the use of aircraft for
scouting and gun shot spotting brought about
the first radio transmissions from Naval air-

craft in flight to the USS STRINGHAM,
located three miles away in the vicinity of the
U.S. Naval Academy, Annapolis, Maryland,
on 26 July 1912. A quenched-spark transmitter
powered by a 500-cycle generator driven by the
aircraft engine and a fixed antenna suspended
from the aircraft wing were used. Reception on
the aircraft (by crystal detector) was limited to
very strong signals from nearby stations, du€ to
the ignition and other noises of the plane 3¢
Following this early demonstration, the weight
limitation on available aircraft was a deterrent
to further action until 1916, when equipments
were purchased by the Navy from four com-
mercial companies. The need for adequately

16
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FIRST NAVAL AIRCRAFT USED FOR
IN-FLIGHT RADIO TRANSMISSIONS

The first radio transmissions made from a Naval aircraft were made from this Navy
Wrighe B-1 aircrafe (1912). This aircraft was one of the Navy's first two aircraft. It was
obtained from the Wright Company at the same time the other was obtained from the

Curtiss Company.

testing these equipments brought about the
establishment of the Naval Aircraft Radio
Laboratory at the Naval Air Station, Pensa-
cola, Florida, in the summer of 1916.34¢ The
only equipment that showed promise at that
time (type CEG15, by E. J. Simon) comprised a
500-watt spark transmitter using a trailing-wire
antenna of variable length. The receiver used a
vacuum tube in a regenerative circuit, but it had
_to contend with aircraft electrical interference,
which limited its reception range. The equip-
ment weighed 100 pounds and transmitted signals
over a distance of 150 miles. Using one of these
equipments, the first “official” message was
transmitted from a seaplane in flight over a
distance of 20 n. mi. to the cruiser USS
NORTH CAROLINA on 15 March 19163+

On 1 January 1918, the Naval Aircraft Radio
Laboratory was transferred to the Naval Air
Station, Hampton Roads, Virginia, where the
work of testing aircraft radio equipment was
continued. 3/

Late in 1917, after the United States entered
the war, the need for aircraft radio equipment
for antisubmarine patrol, convoy, scouting, and
shot spotting became evident. Contracts were
placed with the International Radio Telegraph
Company, Cutting and Washington, National
Electric Supply Company, Western Electric Com-
pany, and the Marconi Company to provide both
spark and vacuum-tube transmitters. These
equipments were tested by the Aircraft Radio
Laboratory, but their use during World War 1
was limited3%¥ The laboratory also devised a
helmet with headphones which could be worn
with comfort3¢ It was at this laboratory that
the first measurements of aircraft antenna char-
acteristics were made 3

Early work was done by the laboratory on radio
direction finders for aircraft. A rotating-loop
type equipment for mounting in the tail area
was developed. However, bearing errors were
considerable due to the high radio and acoustic
noise levels on aircraft and due to deviations |

17
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introduced by close proximity to metallic parts
of the aircraft structure. The “minimum” method
of bearing determination could not be used.
Instead, a “maximum” method was used em-
ploying two loops disposed at right angles; a
reversing switch through which the voltage of
one loop could be added to or subtracted from
the other permitted determination of the equi-
signal point and the bearing, as the loops were
rotated. 324341

THE BEGINNING OF THE NAVY'S
IN-HOUSE DEVELOPMENT OF
RADIO EQUIPMENT

The performance of radio equipment the Navy
had been able to obtain for a considerable period
prior to 1915 lagged behind that possible with
the existing state of the art. For instance, low-
loss inductances had been designed, but com-
mercial standards did not permit their use. The
Navy had procured a radio receiver (IP-76) from
the Wireless Specialty Company in which tuning
was accomplished by the cumbersome and in-
adequate method of taps on inductances selected
with switches. This receiver, obtained in large
numbers even though it was known to have poor
selectivity, was installed on practically all Navy
ships and shore stations and remained in service
until early in World War 1. The patent situation
was also a deterrent factor in obtaining updated
equipment, since commercial concerns were re-
quired by the Navy to assume responsibility
for any patent infringement involved in equip-
ment they furnished. Furthermore, the equipment
produced under the standards used by com.
mercial manufacturers lacked the ruggedness
necessary to contend with Navy shipboard en
vironment. The many serious deficiencies were
forcefully brought to attention during the
Mexican incident in 1914, when President
Wilson ordered the Navy to seize the city of
Veracruz. The simultaneous transmissions from
the many ships, both United States and foreign,
concentrated at Veracruz, caused severe inter
ference with communications between the Fleet
and Washington.

To meet the problem, the Bureau of Steam
Engineering® decided to establish an in-house
capability to develop its own radio equipment,
to draft rigid specifications, and to manufacture
the equipment commercial companies would not
agree to make. In June 1915, the Bureau desig-
nated six of its Navy Yards to assume respon-
sibility, each for certain radio components.4!
Civilian expert radio aides were obtained to
take charge of the work in the several Navy
Yards. Of this effort, the greatest impact on
the Navy's system was brought about by the
work of the Washington Navy Yard. assigned
the development of radio receivers and wave-
meters. This activity became known as the
Radio Test Shop (RTS). Its establishment at
this time coincided with the beginning of the
exploitation of the vacuum tube, permitting the
RTS to make important original contributions
in this field.

The RTS, in 1915, proceeded to develop a
series of long-wave, medium-wave, and short-
wave radio receivers, which were manufac-
tured in large quantities and used practically
exclusively throughout the Navy during
World War 1. Some types were used for many
years thereafter. The first of these, the SEY9S
{30 to 300 kHz) and the SE143 (100 to 1200
kHz), had preselector and vacuum-tube circuits
arranged in separate cabinets, with provision
made for the use of crystal detectors if neces-
sary. These were the first receivers to have dials
directly calibrated in wavelength, and the first
with low-loss inductances which used multiple
insulated conductors to reduce eddy-current
loss. These receivers were followed shortly by
the SE1420 (43 to 1260 kHz), which provided
for the first time a vacuum-tube feedback circuit
for regenerative gain on damped signals and
oscillator operation for heterodyne reception
on continuous waves. 429

*The Burcau of Equipment was dissolved, and the respon
sibility for radio was assgned 1o the Burcau ot Steam En
gineering on 30 june 1910
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THE NAVY'S FIRST RADIO RECEIVER
WwiTH INTEGRAL ELECTRON TUBE HETERODYNE CIRCUIT -

The RTS devt.:\oped .the ﬁrs't standard  These amplifiers comprised three cadio-frequency
vac?um-tubc. audio amphf‘er unit (SE1000),  stapes. ¥ ich, with 2 detector and (%O audio
which contained t¥0 andic amplifier staBeS: stages, Were included in 3 single compact unit.
to go with the preselector circuits (1913)- A large qumber of these amplifiers wefe made
These Were also made 10 large numbers.‘“ for various frequency ranges, €& SE1615 3010

in 1918 the RTS develOped the SE950 re- 100 kHz), SE 16058 (130t 500 kHz, designed
ceiver 20 to 1000 kHaz) for Naval aircraft, for aircraft communicat'\on and direction finder
the firs¢ Navy standard receiver with ampli- operation), and were used throughout the Navy ¥
fying circuits integral with the pteselector After World War 1 the activifies of the Navy
cireuits. This aircraft receiver included for the yard groups: including the RTS, were curtaited-
first amMe means fof the determination of the The work of the RTS was then limited principa\\y
Jdirection of received signals, 2 system which  t© assisting in the design of tube (ransmitters,
has previous\y been describe ne the prov'\sion of receiving systems, and the de-

The RTS developed the first ~srandard” velopment of uni-wave keyers for arcs. The group
vacuum-mbe radio-frequency amplifiers (1o, &t the P‘h'\\ade\phia Yard was able thereafter 1©
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effect certain improvements in direction-finder
apparatus. In 1923 the radio research and de-
velopment work of the Navy Yard groups, to-
gether with associated personnel, was transferred
to NRL to become part of the newly formed
Radio Division.

U.S. NAVAL RADIO LABORATORY,
GREAT LAKES, ILLINOIS

Early in 1917, at the beginning of U.S. entry
into World War I, Dr. A. Hoyt Taylor left his
position as head of the Physics Department of
the University of North Dakota and became
District  Communication  Superintendent for
the Great Lakes Naval District with headquarters
at the U.S. Naval Training Station, Great Lakes,
Illinois. Dr. Taylor was responsible for all war-
time radio and wire communications activities
in an area encompassing the Great Lakes, west to
the Mississippi River, and south to Kentucky. In
addition, his previous interest in radio research
led to his establishment of a radio laboratory and
assembly of a suitable staff at that station during
the summer of 1917. The Navy ar that time was
greatly concerned over the possibility of the
transatlantic cables being cut by German sub-
marines. To contend with this threat, early
work was undertaken to determine the poten-
tialities of underground and underwater
antennas to improve reception from overseas
very-low-frequency (VLF) stations (20 to 75
kHz). The results obtained by the Laboratory
were sufficiently favorable that these antennas
were considered for use in proposed trans-
atlantic communication installations. Experi-
ments on these types of antennas, both trans-
mitting and receiving, were also conducted at
medium frequency (500 kHz) to determine their
operational performance and optimum length
with respect to frequency. The feasibility of
transmission from an antenna buried in the
ground was demonstrated by transmissions over
a distance of 30 miles to Chicago, [llinois, using
a 250-watt vacuum-tube DeForest transmitter.43

In 1917 the Navy had to use shore-station
sites separated by a considerable distance for
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the functions of radio transmission and recep-
tion to reduce interference and to allow simul-
taneous operation. Naval Radio Station NAJ,
located on the Training Station site, served as a
relay point for messages sent between Washing-
ton, D.C. and the west coast, since direct trans-
mission was not satisfactory. Simultaneous
transmission and reception at the site was not
feasible due to the high-power arc transmitter
interference. Circuits were devised by the lab-
oratory using long wire and loop antennas
which “balanced out” the transmitter inter-
ference, including arc mush, thus for the first
time permitting simultaneous transmission
and reception on a single site. A doubling of
communication trafic capacity resulted (August
1917).

Early in 1918 the activities of the Great Lakes
Radio Laboratory were transferred to the Naval
Radio Station at Belmar, New Jersey.

NAVY TRANSATLANTIC
COMMUNICATION SYSTEM AND
RESEARCH ACTIVITIES (1917-1918)

In October 1917, Dr. Taylor was directed by
the Navy Department to assume responsibility
for the establishment and operation of a trans-
atlantic radio communication system with head-
quarters at Belmar, New Jersey. This system
comprised facilities taken over by the Navy from
commercial interests, principally the Marconi
Wireless Company, under powers incident to
war. The facilities included transmitting stations
located at New Brunswick, New Jersey (call
letters WII, later NFF, 200 kW, 22.05 kHaz),
Tuckerton, New Jersey (call letters WGG, later
NWW, 100 kW, 18.85kHz), Sayville, Long Island,
{call letters SLI, later NDD, 100 kW), and re-
ceiving stations at Belmar, New Jersey, Chat-
ham, Massachusetts, and Bar Harbor, Maine.
This system represented the most comprehen-
sive assembly and centralized control of radio
equipment accomplished up to that time.
Through its use the principal functions of radio
communication during World War I, i.e., com-
munication with European stations and broadcasts
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to ships in the Atlantic, were carried out. All
World War I transatlantic radio communications
were handled by this system, with Belmar as a
relay center for messages to and from Washing-
ton via telegraph circuits. Communication was
maintained with high-power foreign radio sta-
tions at Carnarvon, England (call leters MUU,
300 kW, 21.13 kHz), Lycns, France (call letters
YN, 150 kW, 22.2 kHz), Nantes, France (call
letters UA, 33.35 kHz), Stavanger, Norway (call
letters LCM, 300 kW, 25.00 kHz), and Rome,
Iealy (call letters 1DO, 350 kW, 28.57 kHz).%
The German version of the war events, trans-
mitted from the high-power station at Nauen,
Germany (call letters POZ, 600 kW, 23.80 kHz)
was monitored. The messages leading to the
armistice were interchanged directly with the
Nauen station.

Early radio countermeasures intercept was
accomplished at the Belmar station through the
observation of certain transmissions from the
Nauen station on an unusual frequency, con-
sidered to be used for communication to the
German submarines in the Adlantic.

In addition to carrying out these responsibil-
ities, Dr. Taylor continued his interest in re-
search, through reassembling most of the Great
Lakes research group. Work on long underwater
and underground wire antennas was continued to
seek improved transatlantic reception. Means
of “balancing” loop with wire antennas were
devised which provided discriminatory antenna
patterns; these patterns created improved signal-
to-noise ratios on European stations with respect
to static from the tropics. This technique was
then used extensively for transatlantic reception
operations. Considerable field intensity and
signal-to-noise-ratio data were obtained on the
VLF stations over the long oversea paths. The
resufts of studies of this data were utilized in
determining the design of subsequent Navy VLF
communicacion installations.*

Early work on radio-frequency amplification
was also done here. The techniques developed
were incorporated in the transatlantic receiving
circuits, providing improved reception.
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In July 1918, Dr. Taylor was directed by the
Radio Division of the Bureau of Steam Engi-
ncering to proceed to the U.S. Naval Air Station
Hampton Roads, Virginia, to assess the status
of aircraft radio development with view to deter-
mining action necessary to advance progress of
the work.

U.S. NAVAL AIRCRAFT RADIO
LABORATORY, WASHINGTON
(ANACOSTIA), D.C.

The Bureau of Steam Engineering decided
that aircraft radio could be more expeditiously
advanced if research activities were located in
Washington, D.C. As a result, in October 1918,
Dr. Taylor was directed by the Bureau to establish
the U.S. Naval Aircraft Radio Laboratory {NARL)
at the U.S. Naval Air Station, Washington (An-
acostia), D.C.*® The Laboratory staff subsequently
assembled included members of the research
groups previously associated with Dr. Taylor
and members of the staff of the Naval Aircraft
Radio Laboratory, Hampton Roads, Virginia,
which upon their transfer was disestablished.
The staff of the Washington group totaled about
15. Due to lack of space at the Naval Air Station,
part of the staff was located for a while at the
National Bureau of Standards. That part of the
staff located at the air station utilized a building
provided previously for the testing of aircraft
receivers. Although its title designated the
laboratory as “aircraft” oriented, the research
work extended to many other aspects of the radio
field, and soon NARL found itself acting as
principal advisor to the Radio Division of the
Bureau of Steam Engineering on all phases of
radio. '

Radio Broadcasting

In 1919, NARL began the exploration of those
frequencies immediately above the medium.
frequency band to determine their capability
to provide additional channels for Navy com-
munications. Transmitting and receiving equip-
ments operable at the higher frequencies were




~.
EARLY NAVY RADIO-ELECTRONICS b
X 1
' i !
.’,‘..“'_; ‘.'\..‘3\:. o CUR AL AN s \"\..h |_

BOR3S (hos

THE NAVAL AIRCRAFT RADIO LABORATORY (19i8-1923)

The Naval Arrcratt Radio Laboratory was located at the Naval Air Station, Washington ¢ Anacostiay, DC pending the con-
struction of facilines at NRL As shown, the Laboratory was host to members of the American Radio Relay League (ama-
teurs) during their convention in Washington, February 1922 1t was the excellent cooperation of the radio amateurs
acting as observers throughout the naton that made 1t posaible tor the Laboratory o determine the ship distance versus
trequency characteristics of highdrequeny wave propagation bt was ar this Laboratory that the hrst detection of ships
N with reflected radio waves was accomplished 1922y The Laboratory was also a poneer 1o radio broadcasting (1922

developed using vacuum tubes then available.
To obtain observers for the conduct of propaga-
tion investigations, contact was established with
radio amateurs, who at that time were restricted
to the use of the higher frequencies. Through
their excellent cooperation considerable  data
were obtained on NARL's transmissions from
points throughout the United States.

The Anacostia laboratory, soon to become
one of the original parts of the Naval Research
Laboratory, sought additional observers to
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provide increased data for its propagation
investigations by instituting regular radio
broadcasts. The rapid rise of active public
interest in broadcasting brought into being
an extensive audience, which by 1920 was de-
manding scheduled broadcasts of all sorts of
new material. Music, songs by noted singers,
and talks by distinguished persons were broad-
cast, principally on 350 meters (858 kHz). The
laboratory station call letters, NSF and NOF,
became widely known. Many reports from
grateful listeners throughout the country
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FIRST RADIOBROADCAST BY A PRESIDENT OF THE UNITED STATES (1922)

The address of President W G Harding at the dedication o the Lincoln Memorial on 30 May 1922 was broadeast from the

Naval Arrcraft Radio Laboratory, Anacostia, and the Navy's Radio Ceatral station at Arhogton, Virginia. The equipment

used tor both stations was developed by saenusts who later became part of the onginal stat of NRL The equipment at

Anacostia 1s shown in the inset at lower night

were received. During 1922, a number of
original broadcasts were accomplished, in-
cluding that of the first address by a Congress-
man, by a Senator, by a Chief Justice of the
U.S. Supreme Court, and by a President of the
United States. The first broadcast of a session
of Congress was also made (1922). The first
talks to be broadeast, a series on scientific sub-
jects, were given begianing on 20 May 1921, by
members of the staff of NARL. Public-health
lectures, a series given by the US. Public Health
Service, were first broadcast on 16 Dec. 1921
(RSR KH2 7 These were scheduled twice a week
and were first made by the Surgeon General of

the United States. First broadeasts of note were
those by Congressman ). L. Cable of Ohio, 10
Feb. 1922, a Senator (Senator Henry Cabot
Lodge of Massachusetts), a Chiet Justice of the
Supreme Court (Chiet Justice White), the US
Marine Band «17 May 1922), and the US. Navy
Band. An address of the President ot the United
States was first broadcast on 30 May 1922, when
President W. G, Harding dedicated the Lincoln
Memorial in Washington, D.C. . 728 kH2) *® The
tirst broadcast of a session of Congress was ac-
complished on 8 Dec. 1922, when President
Harding delivered his annual address 1o a joine
sesston of both houses 700 kHzy 49500

© A7 » ARSI e

R




EARLY NAVY RADIO-ELECTRONICS

The Laboratory constructed a radio broadcast
equipment and installed it at the Navy's station
at Arlington, Virginia, in late 1922, so that it
could be relieved of the routine broadcast work,
which was beginning to interfere with its re-
search.5 This equipment was the first to provide
regular voice broadcasts of weather reports (423
kHz).

This early radio broadcast work included the
development of several broadcasting techniques,
the need of which became obvious as the work
progressed. Means for signal-modulation moni-
toring, audio-frequency equalization to avoid
distortion, acoustic treatment of broadcast
enclosure walls, microphone placement .and
switching, and “on-the-air” signals were intro-
duced 3te

This work of NARL on the higher fre-
quencies provided a substantial contribution
toward the advancement of radio broad-
casting. The work also demonstrated to the
Navy the possibilities of these frequencies for
long-range radio communication.

Radio Detection

NARL proceeded to develop vacuum-tube
transmitting and receiving equipment capable
of operating at frequencies up to 300 MHz and
used this equipment in the conduct of short-range
communication experiments. With this equip-
ment (at 150 MHz, with a 50-watt tube), the
reflections of radio waves from a ship were
first observed (1922). The possibilities of
detection and location of objects by this method
was brought to the attention of the Bureau of
Engineering.*3? The results of the work are con-
sidered a significant step toward radar.

The first multiple radio transmission sys-
tem which permitted the simultaneous opera-
tion of three transmitters on one antenna was
devised (1922).5*%* Two vacuum-tube transmit.
ters on different radio frequencies and a low-
frequency arc transmitter were accommodated,

*The title of the Bureau of Steam Engineering was changed to the
Bureau of Engineering on 4 June 1920.
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using a “nodal point” technique. The first multi-
ple radio reception system, allowing many
radio receivers to be operated from a single
antenna, was also devised (1922).83%¢ This
receiving system was installed on the bart!eship
USS WYOMING and was successfully demon-
strated during operations in the Caribbean Sea
and in Pacific waters during the early part of 1923.
The “centralization” of radio equipment and
the establishment of a “radio central” was
first accomplished in an installation aboard
the USS COLORADO (1923). The installation
incorporated the multiple reception system.

The transmitting and receiving functions were
separated to reduce interaction by locating the
transmitring function at one end of the ship and
the receiving function at the other end, with
transmitter controls and receivers in a “radio
central.” This practice is continued in current
shipboard installations.3o

Aircraft Radio

During its existence, NARL was the principal
military organization engaged in radio research
directed to the solution of aircraft problems.
Some of the original work done at this laboratory
follows.

The “night effect” at low radio frequencies
was discovered (1919).5% This effect is charac-
terized by violent fluctuations of radio bearings
due to nocturnal variations of the ionosphere.
The discovery was made during investigations
conducted to determine the feasibility of naviga-
tion through the use of radio direction-finder
bearings obtained on signals from foreign high-
power radio stations, in preparation for the first
crossing of the Atlantic by airplane, later accom-
plished by the Navy's NC-4 seaplane.

Aircraft radio shielding was devised which
made feasible for the first time effective two-
way aircraft radio communication at medium
frequencies (1920).58%7 The radio energy gen-
erated by an aircraft engine ignition system was
prevented from radiating, and thus interfering
with radio reception, by enclosing all spark
plugs, cables, and attending devices within an

- ——
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encompassing metallic shield. This shielding
was a major factor in demonstrating for the
first time the feasibility of “homing” by air-
craft to aircraft carriers over long distances
(190 miles), chrough the use of radio bearings
on ship transmissions (F-5-L aircraft flight to
USS OHIO at sea, 6 July 1920).58 This tech-
nique was subsequently used by aircraft carriers.

The first aircraft radio-communication
equipments giving effective and extended ser-
vice in the Navy (1922) were developed.3!c:59:60
Both fighter plane (SE1375, 20 watts, 570 to 750
kHz) and patrol plane (SE1385, 500 watts, 300
to 570 kHz) equipments were provided. These
were purchased in quantities and installed in
virtually every Navy operating aircraft.

The first radio transmissions of teletype
printed messages were accomplished by
NARL, with instrumentation devised to make
the use of teletype feasible over radio circuits.
Transmissions were made for aircraft to ground
tand the reverse) while the aircraft was in flight
(1922)8 The devising of this instrumentation
was an important step toward effective remote
control by radio.

Since these projects were elements of a con-
tinuing program conducted by personnel awaiting
the availability of new research facilities, they
will be more completely treated subsequently in
this document, under appropriate subject titles.
On 16 Apr. 1923, when the facilities of the Naval
Research Laboratory first became available, the
personnel and activities of NARL were trans-
ferred to become the major component of its
newly formed Radio Division.
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Chapter 2

THE ESTABLISHMENT OF
THE NAVAL RESEARCH LABORATORY

INTRODUCTION

For many years, to improve its materiel, the
Navy had utilized the products of science inso-
far as circumstances permitted. It had also under-
taken in-house scientific work in certain fields of
interest. To advance navigation, the Navy in-
itiated specific efforts in hydrography (1830),
standard time (1830), and astronomy (1834),
the responsibilities for which were assigned to
the Naval Observatory and the Hydrographic
Office in 1866."2 The Navy had long been con-
cerned with technology which would improve
its ordnance, ship-hull design, propulsion,
machinery, fuels, and lubrication, and solve its
fouling and corrosion problems. From time to
time it had set up particular activities to deal
with these subjects. Official acknowledgement
of the importance of science to the Navy was
expressed when Secretary of the Navy, the
Honorable William C. Whitney, in his annual
report to the President (1889), stated “A Naval
vessel at the present moment is a product of
science... [e is of little service to a nation to
have any Navy at all unless it is a fair expression
of the highest scientific resources of its day.”
However, in his efforts to attain this objective
the Secretary came to realize that serious and
frustrating impediments existed.

Under the Navy Bureau system, established in
1842, the Congress had imposed such detailed
control of Navy funding and such rigid organi-
zational structure, with closely specified func.
tons, as nearly to preclude opportunity for
basic scientific investigation and exploratory

27

innovation. Such work as could be done to
improve technology was carried out principally
at Navy Yards, where anything of an exploratory
nature was subjugated to the exigencies of
their prime functions of construction and main-
tenance, and it suffered accordingly. The scope
of such work was limited usually to the area of
responsibility of the particular Bureau, Divi-
sion, or Branch involved, and also by the meager
scientific resources available. When a proposed
project embraced the responsibilities of more
than one Bureau. difficulties in jurisdiction and
funding arose which tended to discourage prog-
ress. No means existed to bring together exper-
tise in several scientific disciplines, familiar
with naval problems, which could provide that
cooperative interdisciplinary scientific activity
leading to the generation and development of
new ideas. Serious effort to bring about a change
in this situation did not occur until the nation’s
involvement in World War 1 was imminent.

THE NAVAL CONSULTING BOARD

Early in World War I, the devastating effec-
tiveness of Germany's submarines forcefully
demonstrated to the American public the
impact science could have on warfare capability
and the necessity for preparedness should this
country be drawn into the conflict. Thomas A.
Edison, in an interview reported in the New
York Times Magazine issue of 30 May (915,
expressed his views on preparedness for war,
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and proposed thac “...the goveramenc should
maintain a great research laboratory, jointly
under military and Naval and civilian control...”
In this laboratory “...could be developed the
continually increasing possibilities of great
guns, the minutiae of new explosives, all the
technique of military and Naval progression
without any vast expense...”*

The Secretary of the Navy, then the Honorable
Josephus Daniels, the frst government official
to initiate action to deal with the new condi-
tions of warfare, decided to establish a “De.
partment of Invention and Development” in
the Navy to consider all new ideas and sugges-
tions for improvement of the Navy and to
perfect those selected as worthy. The Secretary,
on 7 July 1915, outlined his plan in a letter to
Mr. Edison, requesting him to act as advisor to
a board to be established to recommend means
for attaining the Secretary’s objective. Mr.
Edison assented to this request on 13 July 1915,

The “Naval Consulting Board™ which resulted
from this action comprised 24 “...leaders in the
inventive, engineering and industrial world...,”
nominated by 11 of the largest engineering
societies of the country. This board was a pioneer
organization in dealing with inventions and
scientific work in preparedness for war. Mr.
Edison became the board’'s first chairman. lts
first formal meeting was held at the Navy
Department in Washington on 7 October 19153

An “Office of Inventions” was established
under the Secretary of the Navy “to coordinate
the considerations of all suggestions, ideas,
devices and inventions—and to refer such as
were deemed worthy...” to the “...Board and
Departmental experts.” On 7 December 1915,
RADM William Strother Smith (then Captain)
was appointed head of this office and Liaison
Officer with the board.®

In its early days, the board covered a wide
field, carrying on a general campaign for indus-
trial preparedness which led to the formation
of the Council of National Defense. Since the
council concerned itself with the broader func-
tions of preparedness, the board soon limited
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its scope to consideration of new ideas and in-

ventions submitted for advancing warfare and
eventually assumed this function for the entire

military organization. In dealing with these
new ideas the board soon recognized the need
of adequate experimental facilities. Although
the Navy had available such organizations as
the Naval Observatory and the Naval Experi-
mental Scation, Annapolis, Maryland, it was
considered that the existing facilities were
wholly inadequate to contend with the problems
looming so large on the horizon at that time.

The provision of suitable facilities was the
subject of a study by a special committee headed
by Mr. Edison, who took a great personal interest
in the matter. It was considered that the Navy
should have a new laboratory “...for experi-
mental research only...” which would have “...a
corps of technically trained men...developed
during peacetimes...who would be familiar
with Naval Affairs and the present state of
development of the arts used in Naval Warfare
whenever war comes. This technical personnel
would be the nucleus for the mobilization of
scientists for war. ...Money could be spent on
research and development without first making
an exact estimate of cost. ...Experiments on new
ideas could be conducted...without expecting...
a useable product out of each experiment.
...The Laboratory's objective...would be to
increase the knowledge of the Navy in regard
to the Arts and Sciences...the management
would be civilian...under the direction of a
Naval Officer...of high rank... distinguished by
his scientific attainments and managerial capacity
who should report directly...to the Navy De-
partment...” free from “...Bureau Control..."
“The various Bureau Chiefs should turn over
their problems...to the Laboratory. e

On 15 Mar. 1916, Secretary Daniels, Mr.
Edison, and certain members of the board ap-
peared before the House Naval Affairs Com-
mittee of Congress in support of the proposed
Laboratory? 1t was considered that the Laboratory
owes its existence to the work of the board, and
particularly to its chairman, Mr. Edison, since
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The Naval Consulting Board of the United States

This group of g d -n y panel for technical
L d by & y of the Navy Josephus Daniels, made the
original proposal for a “Naval Experimental Laboratory” in 1918,

1. Or. Frank J. Sprague 10 M. W L R Emmett 19. 27 Admural Ridiey Mclain

2. Mr. Lawrence Addicka 11. Or A. G. Webster- 20 28. Mr. B B Thayer

3. Dr. M. R. Hutchinson 12 Dr L. H. Baskeland 21. Admiral Wm. Strother Smith 29 j. Gen. Lejeune (USMC)
4. Mr. Thomas A. Edison 13. Admiral Leigh 22 30. Or W R Whitney

5. Mr. Josephus Daniels 14. Mr. Spencer Miller 23. Mr. Elmer A. Sperry 31. Admiral D. W Taylor

8. Mr. Wm. L. Saunders 15. Mr Thomas Robbins 24 Admiral W H. Berwon 32 Mr. Matthew B. Seliers

7 Mr. Franklin 0. Roosevelt 16 Mr. A M Hunt 25. Mr Bion J. Arnold 33. Mr. Hudson Maxim

8. Mr. Howard E. Coffin 17. Mr. Andrew L. Riker 26 Admiral J Strauss 34 Dr A S. Woodward

9. Dr. Peter Cooper Hewitt 18,
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COMMITTEE OF THE NAVAL CONSULTING BOARD CONCERNED WITH
A NEW NAVAL LABORATORY (NRL)

Thomas Edison (Chairman) (center); Dr. L. H. Baekeland (12), President of the Bakelite Corporation, nominated by the American
Chemical Society, Dr. W. R. Whitney (30), Director of the General Electric Research Laboratory, nominated by the American
Chemical Society; Dr. R. §. Woodward ( 34), Carnegie Institute of Washington, D.C., nominated by the American Mathematical
Society: Mr. H. E. Coffin (8), Vice President of the Hudson Motor Car Co., nominated by the Society of Automotive Engineers.

COMMITTEES OF THE NAVAL CONSULTING BOARD CONCERNED WITH SCIENTIFIC AREAS
IN WHICH NRL WAS EVENTUALLY TO BE ENGAGED

“Wireless and Communications” (Radio), Dr. Peter Cooper Hewitt (Chairman) (9), inventor of the mercury arc light and rectifier,
nominated by the laventor's Guild; Dr. W. R. Whitney (30%; Dr. A. G. Webster (11, professor of Physics, Clark University,
nominated by the American Mathematical Society; “Special Problems™ tincluding detection of submarines with Sound), Dr. B.G.
Lamme (Chairman) ( ), nominated by the American Insticute of Electrical Engineers. “Chemistry,” Dr. W. R. Whitney (Chair-
man) ( 30); “Physics,” Dr. A. G. Webster (Chairman) (11); “Metallurgy,” Dr. J. W. Richards (Chairman) (). “Electricity,” Dr. F.).
Sprague (Chairman) (1), “Optical Glass,” Dr. L H. Backeland (Chairman) (12).
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Secretary of the Navy, the Honorable Josephus Daniels, broke ground for NRL's Building 1 on 6 Dec. 1920. It was Secretary
Daniels’ interest in advancing the technology of the Navy and his initiative, as the first government official to take action
to deal with the new conditions of warfare, which led eventually to the establishment of NRL. ADM R.E. Coontz,USN,
then Chief of Naval Operations, is to the immediate right of the Secretary and in the background. RADM William Strother

ESTABLISHMENT OF NRL

Ra, .__7-‘ Ex» TAL AND xcu Lasonarony: For laborstory snd
Beuipd, W mun:h work on the subjoct of gun erosion, torpedo motive power,
Vs, oo the gyroscope, submarine guna, pmmtm lgum'. lnbmmne torpodo

and mine attack, imy
ment snd d pmont in

1

h g t batterics and
and sireraft in radio installa.
tions, and such other nocessary 'ork for the benefit of the Govern-
ment service, mcllldmg the con-truction, u}mpmwt and operation
ol n laboratory, the emplo ment of scientilic civilian nssistants es
or tho diroction of the
&nl the Navy (hmu of coat not to excoed $1,500,000),
Contibusan o sther $1,000, ’X'hu nodnng herein shall be construed as pre-
periminte. with the con tion or undertaking of neces-
expenl‘mmhl work during lho ﬁacal ear ending June thirticth,
Sitement of oa- mneteen hundred and soventcen, as herotofors conducted under other
‘g‘lmpnnlonl Provided further, That tho Sceretary of the Navy
1 make detailed npom to tho Congress not later than June thir-

tioth, nineteen hundred a snd
o ® manner in vhnch all expenditures bereunder have beea

made,

Approved, August.io. 19186.

THE ACT OF CONGRESS ESTABLISHING
THE NAVAL RESEARCH LABORATORY

Public Law 241, approved 29 August 1916, H.R. 15947, 64th Congress, Session .

GROUND-BREAKING FOR NRL'S FIRST BUILDING

Smith, USN, NRL's first Ditector, appears further to the right and in the foreground.
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on 29 Aug. 1916, Congress appropriated Sl,
000,000 for construction of a Naval “Experi-
mental and Research Laboratory,”® a sum which
was increased to $1,500,000 by Congress on
4 Mar. 19172 The name of the Laboratory was
changed later to the “Naval Research Labora-
tory” (NRL). This change was recommended by
the Director in 1924, during Congressional
hearings for FY 1926 appropriations, and it
appeared in Public Law 398, approved 11 Feb.
1926.10¢

The board, after considering several sites for
the location of the Laboratory, recommended
its consolidation with the Naval Experimenta]
Station, Annapolis, Maryland. Mr. Edison did
not agree with this, preferring a site on the
Sandy Hook Peninsula in New Jersey. In later
years, in a letter to the Director of NRL, com-
plimenting the Laboratory on its development,
Mr. Edison said that his objections to an alter-
nate location had apparently been without
foundation.''* However, this lack of agreement
on a site at a critical time, together with the
beginning of direct U.S. involvement in World
War 1 on 6 Apr. 1917, delayed the start of con-
struction of the Laboratory until the war was
over.

After the war, a report of the Navy's Engineer-
in-Chief, Chief Constructor and Chief of the
Bureau of Ordnance, transmitted to the Secre-
tary of the Navy, recommended proceeding
with construction of the Laboratory as pro-
posed by a preliminary committee representing
the Bureaus of Steam Engineering, Construction
and Repair, Ordnance, and Yards and Docks.
Acting on this recommendation, Secretary
Daniels on 20 Oct. 1919 authorized construc-
tion of the Laboratory and directed the Bureau
of Yards and Docks to proceed.'? This action
included the decision by Secretary Daniels
that the site for the Laboratory would be at the
“Bellevue  Arsenal...on the Potomac River...
down the river from Washington.”'* Surveys,
plans, and specifications were prepared and
proposals opened on 15 Oct. 1920." Ground
was broken for the first Laboratory building
(now numbered 1) on 6 Dec. 1920, by Secretary
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Daniels, with the Chief of Naval Operations,
then ADM R. E. Coontz, present.

On 13 Sept. 1921, RADM William Strother
Smith was ordered to additional duty as Director
of the Laboratory by the Secretary of the Navy,
then, the Honorable Edwin Denby, in recogni-
tion of his valuable contributions to obtaining
the Laboratory.!®* However, RADM Smith retired
on 15 Sept. 1921, before construction was
completed. CAPT E. L. Bennett was appointed
to succeed him on 31 Dec. 1921, and was the
Laboratory's director at the time of its formal
commissioning on 2 July 1923,

ORGANIZATION OF THE
NAVAL RESEARCH LABORATORY

At the time the construction of NRL's first
buildings was nearing completion, the bureaus
of the Navy Department evinced little or no
interest in sponsoring work at NRL, with the
exception of the Radio Division of the Bureau
of Engineering. Other bureaus feft they had
adequate facilities, such as those at the Naval
Engineering Experiment Station, Annapolis,
Maryland. The head of the Radio Division of
the Bureau of Engineering, CDR Stanford C.
Hooper (later RADM Hooper), was strongly
convinced of the importance of consolidating
the radio and sound research work of the several
laboratories of his division in one location.
He thought that this work should be done at
NRL' In this matter he had to contend with
the objections of the Chief of the Bureau of
Engineering, then ADM J. K. Robinson, who
considered existing facilities adequate. The
nation’s economy was then just recovering from
the postwar depression of the early 1920's, and
funding was difficult to obtain. The great pres-
sure for disarmament caused Congress to scru-
tinize closely all military appropriations, and
the project for a new laboratory was an attractive
target to effect economy, particularly in view of
the lack of general Navy bureau support. The
funding that had previously been provided by
Congress was barely adequate to cover construc-
tion, and the additional amount sought for
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THE COMMISSIONING OF THE NAVAL RESEARCH LABORATORY

The Laboratory was formally commissioned on 2 July 1923 by the Assistant Secretary of the Navy, then the Honorable
Theodore Roosevelt, Jr. (seated fourth from left). The Laboratory's Director, CAPT E.L Bennett, USN, (standing), is shown
accepting the completed Laboratory. The commissioning ceremonies were held in front of NRL Building 1.

fiscal year 1923 would provide only a minimum
for "maintenance” and little for “operations.”
The funding provided through CDR Hooper's
organization and the prospects of the transfer
of the research activities he sponsored became
important factors. It was through CDR Hooper's
aggressive interest, and the support given by
RADM Smith and several members of the Naval
Consulting Board in appealing directly to
Congress, that cancellation of funding for NRL
by Congress was avoided. Had it not been for
their persistent efforts the establishment of

NRL as an organization devoted to Naval re-
search would not have been realized at that
time.!'® Congress finally appropriated $100,000
for FY 1923, for maintenance and operations'®,
and the Laboratory got underway.

Construction of NRL's buildings reached a
stage of completion making occupancy possible
early in 1923. The Radio Division of the Bureau
of Engineering had formulated a plan for the
consolidation of its radio and sound research
and development activities at NRL'? In ac-
cordance with this plan, the staff and facilities
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THE NAVAL RESEARCH LABORATORY, PAST AND PRESENT

NRL at the time of its formal opening possessed five buildings —a laboratory (Building 1), a machine shop (Building 2), a
foundry and other support facilities (Buildings 3 and 4), and a power plant (Building 5). The original NRL buildings are
now surrounded by over one hundred structures housing laboratories and support facilities, some general-purpose and some
highly specialized. The original five NRL buildings are seen outlined in heavy lines
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of the Naval Aircraft Radio Laboratory and the
Naval Radio Telegraphic Laboratory were
transferred to NRL on 16 Apr. 1923, 10 form
its Radio Division, with Dr. A. Hoyt Taylor
as its Superintendent.!® At the same time, the
Sound Research Section of the Naval Engineer-
ing Experiment Station, Annapolis, Maryland,
part of a research group assembled at New
London, Connecticut, during World War 1, and
temporarily quartered at Annapolis, was trans-
ferred to NRL to become its Sound Division,
with Dr. H. C. Hayes as its Superintendent.
Due to these transfers of personnel, 16 Apr.
1923 is the date of the actual beginning of
NRL's scientific activities. However, the Labora-
tory was formally commissioned on 2 July 1923
(1 July was a Sunday) by the Honorable Theodore
Roosevelt, Jr.'® then the Assistant Secretary
of the Navy. The two divisions first to be or-
ganized, Radio and Sound, were begun with
scientific staffs totalling 14 for Radio and 3
for Sound. On the date the Laboratory was
ofhcially commissioned. the research staff had
increascd to 24, and this personnel, together
with that of the Director's ofhce and shops,
brought the total Laboratory staff to approxi-
mately 55. To complete the Bureau of Engineer-
ing's plan, the development and design activities
of the Radio Test Shop, Vashington Navy Yard,
were transferred to NRL's Radio Division 1n
September 1923

ADMINISTRATIVE STATUS OF NRL

1922,

On 25 Mar. the Secretary of the Navy,
then the Honorable Edwin Denby, “established
and placed [the Laboratory] under the Assistant
Secretary of the Navy ...uader the direction of
a Naval Othcer not below the rank of Captain,
who will be designated 'The Director’..and be
attached to the Othee of the Assistant Secretary
of the Navy."* From the establishment of the
Laboratory, and until March 1932, the Director
also the “Techmical
Auide for lnvenuons™ to the Secretary of the
Navy 2" Unal 1932, the Othee ot the Director

was - assigned duties ot
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was located 1t the Navy Department, with the
responsibility for the immediate operation of
the Laboratory residing in the Assistant Direc-
tor. On 13 Nov. 1928, the Laboratory was
“established as an independent unit under the
Assistant Secretary of the Navy, 22 then the
Honorable Curtis D. Wilbur.

In 1931, the Chief of the Bureau of Engineer-
ing, supported by the Chiefs of the other tech-
nical bureaus, recommended that the Laboratory
be transferred to the cognizance of the Bureau
of Engineering, since this bureau had provided
most of its support during its existence by al-
location of funds and assignment of problems.
The legality of this action, relative to the Act
of Congress establishing the Laboratory, was
questioned. The Judge Advocate General of
the Navy, whose opinion was sought, reported
that the Secretary of the Navy had authority
under existing statues o so act® Although
the proposed transter of the Liboratory con-
travened the important prinaple which led w
its the  Laboratory
was “placed under the cognizance of the Burcau
of Enuzincering” on S Nov. 1931, by the Sceore
tary of the Navy, the Honorable ¢ F Adams ®

Shortly 1931, the  Secretary
requested  the Navy's General Board o con:
sider “the questuon as to the policy which should

establishment  onginally,

thereafter

be pursued with respect to the Naval Research
Laboratory, 1ts proper tunctions and its proper
the Naval FEsiuabhishment™ The
board held hearings re obtain the views of the
several bureaus and offices concerned and visited

position  1n

the Laboratory On 9 Feb 1932 the board
reported to the Secretary that ") Naval re

search, of which the Naval Research Laboratory
i1s an essential agent s a necessary Naval acuvity
and should be conanued. (b The acuvities of
the Laboratory should be contined to research
and  primary laboratory
Subsequent tull scale experimentation, service

or experimentation
test, and production should devolve upon the
material bureaus. () The Othee of the Chief
of Naval Operations 1s best htted to administer
the Naval Rescarch  Laboratory because  the
Chiet of Naval Opcrations s fundamentally
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responsible for the basic lechm‘al improvement
of the Fleet and for its readiness for war."®
The Chief of Naval Operations opposed the
recommended ctransfer of the Laboratory to
his othce on the grounds that personnel already
on the rolls of the bureaus would have to be
duplicated. Thus, the Laboratory continued to
remain under the Bureau of Engineering. During
the hearings of the Navy Department Sub-
committee of the House Appropriations Com-
mittee on FY 1933 funding held bn 1 and 4
Mar. 1932, the subcommittee considered re-
search operations in general, hearing the testi-
mony of the heads of several major industrial
laboratories. No change in the administrative
position of the Laboratory was indicated by the
subcommittee. However, it ruled that the ap-
propriation of funds for the Laboratory were
to be kept separate from those for the Bureau
of Engineering's other activities to prevent
“research” from being interrupted by the urgency
of “production.”?® With this special annual
appropriation ($100,000 for FY 1924, 10 $213,
000 for FY 1933) the Laboratory, in addition to
providing for its “operation and maintenance,”
had been able to make a modest start on new
areas of research and this function was continued.

On 9 Apr. 1932, the Burcau of Engineering,
then headed by RADM S M. Robinson, in
stating its policy with respect to the Laboratory,
established very close control over NRL's or
ganizavon and admimistration®” On -1 Aug. 1932,
the burcau required che Laboratory o separate
the research work of 1ts Radio Division trom its
cngaineering  work  through  establhishment  of
separate “rescarch” and “engineerning” divisions 2%
On 29 Dec. 1933, the burcau stated that “this
has  proved unsatustactory  tor a aumber of
reasons” and required thae the two divisions be
brought together again as a single Radio Divy
ston 2 This close control was tound cumbersome,
and  the nternal  administracgve  control was
turned over to the Director, excepe tor questions
on general policy, carly in 1934 This arrange
ment to some extent was implied in "Regula
nons Goverming the Operation of the Naval
Rescarch Laboratory,” assued by the Honorable
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C. A. Swanson, then the Secretary of the Navy,
on 13 May 1935.3 However, these regulations
still required that “All correspondence both
to and from the Laboratory shall be sent through
the Bureau ot Engineering.”

On 14 Sept. 1939, the Laboratory was “es-
tablished as an independent unit under the
Secretary of the Navy by the Honorable Charles
Edison, then Secretary of the Navy3 The
policy established (1 Nov. 1939) by the Secre-
tary gave the Laboratory a large measure of
administrative freedom3? Secretary Edison had
taken great interest in the Laboratory, and had
visited 1t a number of times. His action un
doubtedly reflected the personally acquired
understanding of the factors attending  the

administrative  status  of the Laboratory, as’

well as the views of his father, Mr. Thomas
A. Edison, in this regard.

On 8 Dec. 1939, Secretary Edison established
a Navy Department Council for Research o
provide a “...higher degree of coordination
of Rescarch. <7 in the Navy. The Secretary was
convinced “that "...t was absolutely necessary
and the time had come to coordinate and cen-
tralize the control of research for the Navy
in order to make greater progress and to em
phasize the value of rescarch for the Navy'®
The council comprised members representing
the material burcaus, with the Director of NRL
presiding  as senior member. The Director,
NRIL, was also designated “technical aid to the
Secretary of the Navy™ and was required to
"Keep the Secretary informed of the progress
of rescarch problems.”

In fanuary 1941, the Director of the Labora
tory, then RADM H. S, Bowen, recommended
to the Sccretary of the Navy that burcau status
be given to the Laboratory, that its name be
changed to the “Naval Rescarch Center,” and
that it supervise all rescarch for the Navy 3
The proposal was not implemented.

On 27 June 194, with the approval of Presi-
dene Fo DD Roosevelt, the Council of National
Detense created the National Detense Rescarch
Committee to mobilize American scientists for
the purpose ot preparing the United States tor

|
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)

participation in World War 11, should it be
drawn into the conflict, which had been under-
way since 1 Sept. 1939, The position of this
committee was  greatly strengthened when 1t
was included in the Ofhac.of Scientific Rescarch
and Development, established in the executive
othee of the President with che issuance of an
executive  order by President Roosevelt on
28 June 19413% There was concern in che
Navy respecting the relationship between chis
committee and the Laboratory in the macer of
mobilizing scientists to deal with antisubmarine
wartare. the Laboratory held the position that
it should have jurisdiction. Upon the recommen-
dation of the Director of the Laboratory, the
Sccretary of the Navy, then the Honorable
Franh  Knox, requested the Navy's General
Board to review the Navy's rescarch and devel-
opment policy in general and the coordination
of research within the Navy Department 3538 A
a result of che board's report, on 12 July 1941,
the Secretary placed the Laboratory under the
cognizance of the Burcau of Ships.” At the
same time, the Scecretary established a Naval
Rescarch and Development Board 7. to recom
mend to the Secretary of the Navy action in
respect to Rescarch and Development mateers.”
The board comprised members  representing
the several mateniel burcaus and the Chiet
of Naval Operations, with a chairman who
was also "Coordinator of Research and Devel-
opment.” 334 [t was this board that provided
laison between the Navy and the Nauonal
Defense Rescarch Commiuttee durtng the war.

On 19 May 19495, the "Office of Rescarch
and Tnvenoons” was established in the Ofhee
ot the Sccretary of the Navy by the Honorable

James  Forrestal, then Secretary, to improve

the patent situation in the Navy in view of
congressional  (nitiasm. By the  Sccretary's
order  the Laboratory  was included in this
othce™ RADM H. S, Bowen, NRL's former
director, was appointed head of this office.

T *The Burcau of Engincering and the Burcau of Consteuction and
Repair were merged o torm the Burcau ot Shipaon 1 July 1940
with RADM 8§ M Robinson tlater VADM Robinson) as sts Chiet
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When the Office of Naval Rescarch was
established by action of the 79th Congress on
1 Aug. 1946, the Laboratory was included as
part of this organization® VADM Bowen was
appointed the first head of this ofhce, with
the title "Chief of Naval Research.” This action
rvave rescarch a strong position in the Naval
establishment, since the Ofhce of Nuaval Re-
scarch had acquired statutory authority and its
own congressional appropriation. The Laboratory
was then again in a position to serve all burcaus,
but free of the direct control of any one. Since
the Natonal Detense  Rescarch  Committee
Was & [eMporary wartime Jpency, as it was phased
out of existence the Laboratory proceeded to
absorb such parts of its scientihc components
as were determined suitable to fit into che
Laboratory's research program.

SCOPE OF THE
LABORATORY'S ACTIVITIES

An indication of the scientihc areas in which
the Laboratory was eventually to be engaged
was piven in the committee structure of the
Naval Consulung Board. Committees  were
ostablished  to consider “wireless” and  com
munications (radio), chemistry, physics, elec
trrcity,  optics,  and  metallurgy ™ A speaal
problems  committee gave Lparticular attention
to the use of sound in the detection of enemy
submarines ™ Mr. Edison’s special committee
on the proposed new Naval Experimental and
Rescarch Laboratory also recommended conduct
of work in most of these arcas ™ However, the
Act of Congress establishing the  Laboratory
1910y stated broadly that it was for “laboratory
and rescarch work™ in certain mareriel areas
which it cnumerated,

When the Laboratory was activated in 1923,
two of the saentubc arcas of work envisioacd
by the Naval Consulung Board, “radio” and
“sound,” were provided for under the plan
of the Radio Division of the Burcau of Eng
neering by the transfer of existung facilitues
to become NRL's Radio and Sound Divisions.
On 1 Aug 1923 4 soadl “balhisties and haigh
pressure” rescarch  umt mamtained by the
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BBureau of Ordnance at the Bureau of Standards
was transferred to the Laboratory. ¥
other offices of the bureaus were not interested
divisions, particularly  with
their  establishment

Since

in  sponsoring
“scientific”  designations,
had to be accomplished through increases in
NRL's separate  congressional — appropriation,
which otherwise was hardly adequate tor its
routine  operations  and  maintenance”. Al
though probable adverse
effects competition might bring to their own
divisions, 1t was through the foresight of the

torewarned  of  the

Superintendents of the Radio and Sound Di-
visions, Dr. A. Hoyt Taylor and Dr. H. C.
Hayes, and their persistence in overcoming the
objections of the Director of the Laboratory,
that new research divisions were instituted. ¥
Suthcient tunds were available to begin a “Heat
and Light” Division «the ode was changed o
“Physical Optics™ in 193L, later to "Optics™,
and still later to "Oprical Physics™ on i June
1924, with Dr. E. O. Hulburt as its Superin-
tendent A “Physical  Chemistry”™  Division
title changed o "Chemistry”™ in 1930 was
started on 15 Aug 1927 with Dr. F. R. Bichow
sky as Superinendene® On 1 Sept. 1927 4
“Physical  Metallurgy™  Division  (dide  lacer
changed o0 “"Metallurgy™  was  set up. with
Dr. R. T. Mchl as Superintendenc®™ In June
193] a "Thermodynamics™ Division was started,
under Dr. R Lo Cantield ** This division was
merged  with  the Division in
July 193 A Elcctricity”
Diviston was begun in 1931 usder Dr. DL L

“Mctallurgy”
“Mechanics and

Hay. with the “ballisties™ research unie pre
viously 1940
this division also acquired the thermodynamics

mentioned included in e ® In
activities of che Metallurgy Division.
With the establishment of these divisions,
the several scientific areas of work set forth by
the Naval Consulting Board were brought to
fruition. In the years that followed, their re-
search character was preserved by virtue of the
recognition of the value of their contributions
to the Navy, even during periods when the
Laboratory was under bureau direction. The
separation of the Radio Division into “re-

—

search” and “engineering” components during
the period August 1932 to Decembet 1933,
and the existence of an "Aircraft” Division
from January 1934 to March 19354 both
required by bureau action, had no substantial
adverse effect in this regard. The Laboratory
organizational structure at the division level
remained otherwise unchanged unti] near the
end of World War 11.

While the Laboratory’s growth was slow
during the period prior to World War 11, it
expanded rapidly with the approach of and
during the War. In March 1934, when some
growth began after the great economic depres-
sion, the population of the Research Depart-
ment was 83, of which 40 were in the Radio
Division. Near the end of the war in 1945
the Research Department population had reached
3209, of which 1020 were members of the
Radio Division #7

POSTWAR ORGANIZATIONAL
STRUCTURE

In May 1945 che Bureau of Aeronautics
requested the Laboratory to establish an Aircraft
Electronics Division.* Consideration of this
request led to a decision by the Laboratory to
subdivide the original Radio Division into four
divisions, i.e, an Aircraft Radio Division, a
Ship-Shore Radio Division, a Fire Control
Division, and an Electronics Special Research
Division. The first three divisions, corresponding
respective to the Bureaus of Aeronautics,
Ships, and Ordnance, were to be supported
principally by these bureaus. The Electronics
Special Research Division was to be supported
principally by the Laboratory. The Laboratory's
decision to establish these divisions was made
effective 1 July 1945. Dr. A. Hoyt Taylor then
became Coordinator for these divisions and later
Consultant for Electronics to the Director of
the Laboratory, a position he held until his
retirement in 1948.

Duting 1946, the Bureau of Aeronautics
decided to establish a radio organization under
its own direct control and located at some
site apart from NRL, preferring this to the NRL

e
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divisional structure. The new organization was
planned to be formed through the transfer of
personnel and facilities of the NRL Aircraft
Radio Division. Delay in the determination of a
new location and other uncertainties was accom-
panied by the loss of a considerable number
of key personnel. Furthermore, a large percent-
age of the remaining personnel did not wish to
leave NRL. The situation was further compli-
cated because it was not found feasible to loca-
lize completely the work of a particular Bureau
in one division. The Laboratory finally decided to
abandon the Bureau alignment of divisions.
It reduced the number of Radio Divisions from
four to three and renamed them on 26 Nov.
1946.4¢ The Electronics Special Research Divi-
sion became Radio Division I, the Ship-Shore
Radio Division became Radio Division II, and
the Fire, Missile, and Pilotless Aircraft Division
(name changed from Fire Control Division on
15 Dec. 1945) became Radio Division III. Radio
Division III absorbed the personnel remaining
from the Aircraft Radio Division, which was
disestablished.

Originally the superintendents of the Labora-
tory’s several scientific divisions reported
directly to the Director of the Laboratory.
When the 80th Congress, under Public Law 313,
authorized the establishment of positions of
“specially qualified scientific and professional
personnel,” the Secretary of the Navy allocated
one of these positions to the Laboratory. As
directed by the Chief of Naval Research relative
to this allocation, the Director of the Laboratory
on 20 May 1948 established the position of
Director of Research, interposed “... between
the Director of the Laboratory and the ten scien-
tific divisions, ... the position to be filled by a
civilian scientist ...”3® At the same time, the
posiction of Director of Administration was inter-
posed “... between the Director of the Laboratory
and the eight administrative offices ... to be filled
by a Naval Officer.” The first appointment to
this position was made effective 24 Jan. 1949.%

Effective 28 Jan. 1949, the Director of the
Laboratory appointed Dr. Edward O. Hulburt

to the position of Director of Research as its
first incumbent3? Three Consultants to the Di-
rector of Research were appointed to assist him
in the direction of the several scientific divi-
sions. These Consultants were Division Superin-
tendents, who retained the responsibilities rela-
tive to their respective divisions. Effective 24
Dec. 1952, these Consultants were designated
Associates to the Director of Research, to per-
form functions, each “... for a group of divisions
as designated by the Director of Research.”s?
The Consultants were relieved of their respon-
sibilities as division superintendents.

On 17 June 1953, the Director of the Labora-
tory established a committee to review the scien-
tific program and organization of the Laboratory
and to make recommendations on advisable
changes.® The committee made its report to the
Director on 18 Jan. 1954.3% The Director, after
accepting the recommendations of this com-
mittee, established effective 1 Mar. 1954 a
Research Department under the Director of
Research with three principal scientific areas —
Electronics, Materials, and Nucleonics.3® Also,
the Associates to the Director of Research be-
came the Associate Directors of Research for
Electronics, Materials, and Nucleonics, respec-
tively. They were assigned “line responsibility”
for their respective fields and were also respon-
sible for “jointly assisting the Director of
Research in formulation, direction and manage-
ment of the Research Department and its
program.” The Nucleonics Area was renamed the
General Sciences Area effective 27 Feb. 1966.%7

The Electronic Area, as established on 1 Mar.
1994, included the three Radio Divisions and
the Sound Division. Radio Division I was re-
named the Electronics Division. Radio Division
IT became the Radio Division, and Radio Divi-
sion III became the Radar Division, absorbing
the radar activities of Radio Division II. Also,
a new Division, the Applications Research
Division, was established through the transfer
of the remnants of a Systems Coordination
Division previously established which had not
achieved its intended purpose. In addition, the
Applications Research Division acquired the
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“systems” activities of Radio Division 1I and the
operational research and engineering psychology
work of Radio Division [II.

On 16 Sep. 1966, the Electronic Counter-
measures activities of the Radio Division were
transferred to a new division, then established
under the title “Electronics Warfare Division.”58
On 16 Aug. 1968, the title of the Radio Division
was changed to Communications Sciences
Division.%®

The Sound Division was transferred from the
Electronics Area to form part of a new Oceano-
logy Area, a fourth major research area of NRL,
when this area was established on 1 Sept. 1967.60

On 19 Feb. 1971, several organizational
changes were made® In the Electronics Area,
the Applications Research Division was disestab-
lished and a Tactical Electronic Warfare Divi-
sion was established, replacing the Electronic
Warfare Division. The Materials Area was
renamed the Materials and General Sciences
Area. The General Sciences Area was renamed
the Space Science and Technology Area.

NRL's RADIO-ELECTRONICS PROGRAM

At the end of World War 1, the Navy spon-
sored developments leading to vacuum-tube
transmitters  which  would  accommodate  the.
transition from the Navy's spark and arc equip-
ments. After the war, commercial organizations
limited their work for the Navy principally to
the production of these lower frequency equip-
ments. The rapid rise of the public’'s interest
in radio broadcasting, with prospects of exten-
sive public demand and large profits, provided
a strong incentive for commercial companices
to become heavily involved in the broadcast
tield. Their developmental efforts, therefore,
were concentrated on improvements in broad-
casting equipment, particularly  broadcast re-
ceivers. As a result, solutions of the Navy's
longer range radio problems were of hule
interest to them. Undoubtedly, the drastically
diminished Naval appropriations due to exten
sive national disarmament efforts during this
period had a strong influence on the situation.

As a result, the consolidation of the Navy's
radio research and development activities
at NRL in 1923 made the Laboratory the
Navy's sole in-house organization with full
responsibility for advancing the Navy's
radio capability, with little outside assistance.

The radio staff assembled at NRL in 1923
represented experience in most  aspects  of
radio work active at that time. The Laboratory's
initial radio program was an integration and
extension of the previous efforts of this staff, ‘
as agreed to with the Bureau of Engineering. , !
Although limited to a certain degree by the i
problems assigned by the Bureau, considerable
latitude was enjoyed in their generation and
execution. The areas of NRL’s effort included
Radio Propagation, Radio Communication,
Radio Direction Finding (Navigation), Radio
Control, Radio Standards and Instrumenta-
tion, particularly Precise Frequency De-
termination, Generation, Measurement, and
Control. Problems pertaining to surface
ships, submarines, and aircraft were carried
out.

The passage of cime witnessed work on
a succession of new phases of these subjects.
The exploitation of the radio-frequency
“pulse” principle brought about radar and
the radio identification of targets (IFF),
which became major parts of the radio
program. The work on radio control led to
the development of guided missiles. Although
prior work had been done, the incidence of
World War 11 resulted in an extensive and
continuing effort in radio countermeasures,
including interception, source location,
jamming and deception. As the amount of
radio-electronic equipment aboard ship grew
to unmanageable proportions, efforts were
directed to its consolidation through multi-
plexing and systems integration. Throughout
the years, a great deal of effort was devoted
to new components and materials, since
these have been found to be a key to important
advances in equipment and systems. New
phases of these various subjects have con-
tinued to be parts of the Laboratory's program.
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Chapter 3
RADIO COMMUNICATION

INTRODUCTION

Since its establishment, NRL has conducted
the Navy's principal in-house research program
in radio communication. This program, through
the ensuing years, has provided the Navy with
the technical basis for continually improving its
radio-communication capability. ln the high-
frequency (HF) band, NRL's pioneering work in
radio propagation, quartz-crystal frequency
control, antennas, power generation, reception
techniques, security, and equipment develop-
ment led to the adoption and extensive utilization
of HF by the Navy. As the Laboratory was able
to determine propagation characteristics and to
devise means of power generation, radiation,
reception, and control at increasingly higher
radio frequencies, the Navy was able, succes-
sively, to utilize these frequencies, which became
known as the very-high (VHF), ultra-high (UHF),
and super-high (SHF) frequency bands. The
Laboratory’s original work in satellite commu-
nication resulted in the Navy's establishment of
the world's first satellite-communication system.
NRL's continuing satellite-communication pro-
gram has served to further advance the Navy's
operational capability. At the other end of the
frequency spectrum, the very-low-frequency
band (VLF), the Laboratory has conducted a
research program which has continued to en-
hance the Navy's capability for communication
with its submarines wherever they might be on
the high seas, and particularly when they are
submerged. There is hardly an installation of
Naval radio communication equipment afloat,
aloft, or ashore that does not incorporate some
NRL contribution.
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COMMUNICATION IN THE
HIGH-FREQUENCY BAND

That part of the radio-frequency spectrum
known as the high-frequency band (2 to 30 MHz)
is of major importance to the Navy today, since
it continues to carry the great bulk of its radio-
communication traffic. The exploration of this
frequency band was a major phase of the Labora-
tory's initial effort, an effort which has con-
tinued for many years in order to obtain the maxi-
mum capabilities of the band.

Radio Propagation

When the Laboratory began its radic program
in 1923, the Navy's longer range radio-com-
munication circuits and those of commercial
interests were established on the medium and
lower frequency channels (below 600 kHz). The
Navy had made very little use of the higher
frequencies, although it had planned to use the
600 to 1250 kHz band for short-range intrafleet
communication. As previously described, mem-
bers of NRL's staff had demonstrated the pos-
sibilities of this frequency band for long-distance
cransmission. However, Navy officials responsible
for operations considered the diurnal and
seasonal performance of these higher frequencies
to be so erratic and unreliable as to make them
operationally unacceptable for use over long
distances. Indeed, in issuing instructions for
the operation of new intrafleet communication
equipment under procurement and intended for
short-distance use, stress was placed on the need
to take care to minimize transmitter power at
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the higher frequencies to avoid possible inter-
ception by a potential enemy over long distances
through “freak transmission conditions."!

During the early 1920's the public interest in
radio broadcasting had grown to such an extent
that many of the channels in the intrafieet fre-
quency band became occupied by broadcasting
stations.? Considerable political pressure was
brought to bear upon the Navy to relinquish its
use of this band. To this, the Navy after vigorous
objection reluctantly agreed3* The frequency
band from 550 to 1500 kHz, then became known
as the “radio-broadcast band.” As a result, the
frequencies above this band would have to be
used if substantial naval communication channel
expansion were to be effected.

Prior experience had convinced the Labora-
tory’s staff that when the propagation character-
istics of the higher frequencies were better
known, their utility in serving the Navy for
long-range communication would be manifest.
In order to obtain the evidence necessary to
convince the Navy of their value, transmitting
and receiving equipments at progressively higher
frequencies were developed. In seeking observers
to obtain propagation data on transmissions, the
cooperation of radio amateurs throughout the
United States and abroad was sought and ob-
tained. These amateurs had increased rapidly in
number and, although restricted by the Federal
law of 1912 o the use of frequencies above 1500
kHz, had developed considerable competence
around this frequency limit. To increase their
effectiveness these amateurs were aided by the
Laboratory in improving their equipment for
operation at increasingly higher frequencies.
Through their splendid cooperation, extensive
propagation data were acquired at frequencies
up to the limit of influence of the ionosphere.5¢

Study of the data revealed that signals which
disappeared after the “ground wave™ was dissi-
pated would reappear at a considerable distance
which would vary with frequency, time of day,
and season. This phenomenon, named the “skip-
distance effect,” was not accounted for by the
earlier ionospheric-wave propagation theories
suitable for the lower radio frequencies. NRL
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then devised propagation theory involving
equations based on the free-electron density
distribution in the ionosphere and on classical
formulas of magneto-optics containing a
critical frequency term which adequately
explained the high-frequency “skip-distance
effect” and which agreed with the experi-
mental dﬂta (l925)-10.8,0.10.1la.l!.IS,IM.IS.IO Thls
work laid the foundation for HF wave prop-
agation theory.

During 1925, a new method of studying the
characteristics of the ionosphere was employed,
using HF pulses reflected from its conducting
layers. The heights of the layers were obtained
through determination of the time elapsed in
transit over the path. Means for generating short,
high-power, HF pulses were devised. Oscillo-
graphic recordings of the received HF pulses
reflected from the ionosphere gave unique
positive proof, for the first time, of the ex-
istence of its layers and data on its reflection
characteristics (first observations, 28 July 1925
on 4200 kHz).'"?* This HF pulse technique,
first used in measuring the heights of iono-
spheric layers, was later applied by NRL in
its development of radar for range determina-
tion. The radio-transmission characteristics of
the ionosphere were investigated relative to
diurnal variations, the influence of magnetic
disturbances. and correlation with solar flares.
This work was done collaboratively with the
Carnegie Institute of Washington.

The pulse method has been in continual use
and is currently employed by the many iono-
spheric sounding stations throughout the world
in observing the properties of the ionosphere
over the HF band and in obtaining data on which
to base predictions of its future condition as
influencing circuit performance. These predic-
tions have been of considerable value in the
selections of the radio-frequency channels best
suited tor particular communication circuits.

Other HF phenomena were uncovered in
NRL's propagation work (1925-1928). The
existence of additional “transmission zones”
and corresponding “skip zones” at progres-
sively greater distances from the transmitting
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“ROUND-THE-WORLD"” RADIO TRANSMISSIONS

NRL was first to make recordings of these phenomena of which this is typical (1928). Sy, Sz, and Sa, are pulses initiated by
NRL's transmitter. Ry, Rz, and Ry, are echoes or “splashback” returns from the first reflection zone via the ionosphere.
ASy and AS: are received pulses which have travelled around the world. AsSy is a received pulse which has circled the world
twice. The upper recording is a 100-cycle timing wave. The observations on “splashback” returns generated the first concept

leading later to “over-the-horizon” (OTH) radar.

source due to successive refractions by the
ionosphere and reflections at the earth’s sur-
face was verified. NRL demonstrated that
round-the-world HF transmissions could be
obtained through successive reflections from
the ionosphere with the proper choice of
frequency, time of day, and season (1926),
Encirclement of the globe not only once but
as many as three times in the same transmis-
sion and in both directions was observed
(1926). Ac the same time, reflections of the
pulsed HF transmissions from earth surface
prominences, called “splashbacks,” were first
observed. Splashback echoes from the first,
second, and third reflection zones were iden-
tified. The conditions associated with these
phenomena and the interference they might
cause in the use of HF circuits were deter-
mined. The transit time of the splashback
transmissions provided a means of deter-
mining the distance of the prominences from
the point of transmission (1926). These
observations of HF splashbacks generated the
first concept of detecting and ranging on
targets over very long distances, using two-
way reflections of HF pulses by the ionosphere.
This concept led to the later development
of “over-the-horizon” (OTH) radar.*?''# To
provide recording of the transmissions and
tuming, a high-speed oscillograph was devised
comprising a rapidly rotating drum carrying a
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photographic film with a lightbeam-galvanometer
type sensor.

The results of NRL's propagation work
permitted useful prediction of the perfor-
mance of the ionosphere at HF under various
operational conditions; this capability was
important to the Navy’s acceptance of these
frequencies. To aid che Navy's operating forces
in using HF circuits, charts were prepared based
on the results obtained which were used in select-
ing the most favorable radio-frequency channels
for specific transmission paths.79:5.100.11b.14b

The Navy's Adoption of High Frequencies

In addition to its views as to the erratic nature
of high frequencies, the Navy also questioned
the feasibility of making the frequent changes
in channel assignment required to maintain
circuit continuity in contending with the diurnal
changes in propagation path and varying trans-
mission distances. At the lower frequencies the
Navy had assigned channels with the assumption
that these designations would hold over long
periods. The Navy was concerned that the
technical and disciplinary dithculties involved in
making the frequent channel changes required
by HF might cause unreliability and delay which
could be disastrous in the midst of important
operations.

To instill confidence in the feasibility of using
high frequencies for operational functions, a
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series of demonstrations was carried out. High-
frequency transmitters and receivers were
developed by NRL and installed on several
classes of ships and at shore stations. Quartz-
crystal frequency coantrol had reached a stage
of development warranting incorporation in
some of these equipments, to insure frequency
stability and channel adherence. These HF equip-
ments were used on a variety of Navy communica-
tion circuits during various types of operations.
During October 1924, the Navy's great diri-
gible, the USS SHENANDOAH, made its
historic transcontinental trip from Lakehurst,
New Jersey, to the west coast and return, and
established contacts with many stations

throughout the nation with HF equipment
provided by the Laboratory.?* Interest in this
demonstration was widespread. Naval Radio
Communication Control, Navy Department,
Washington, used the 10-kW HF transmitter
located ar the Laboratory through remote radio
control for a period of a year beginning Decem-
ber 1924, This station handled ofhcial Navy
communication trathc with Panama, Canal Zone,
London, and San Diego, California, particularly
at umes when the low-frequency, S00-kW, arc
transmitter at the Navy's radio station, Annapolis,
Maryland could not be received due to heavy
atmospherics.®® The results of these and many
other demoastrations impressed the Navy with

CRUXCENTT

HISTORIC USS SHENANDOAH HF COMMUNICATION (1924)

An smportant tactor 1o the Navy's adoption of high trequenaes was the performance of the NRL-developed HF

transmirtter and recever carried by the Navy's great dingible during is seasational tnip from Lakchurst, New

lersev to the west coast and return i October 1924 This equipment accomphished the then unusual feat of

remaning 10 communication with NRI throughout the entire tnp Contadts were also made with maay cadio

stations throughout the codnery The transputter was capable of bath voice and keved operanion on 3332 kHz

with 4 power output of S0 watts The recever emploved three N otubes and covered a trequency range of 2000

o 6000 KHz The recever shown here was similar to the recever used, but with extended frequency range

1t was aboard the USS Shenandoab duning the disaster, which occurred ana severe storm over Oho on 3 Sept

19N The recover was salvaged in good condiion The tubes shown are type "N the bese successtul “Min.

raturized  tubes

[P ———

S




RADIO COMMUNICATION

the superior capabilities of high frequencies
as compared with the performance of the lower
frequencies. The important advantages attain-
able in long-range communication with rela-
tively low power, with compact, light equipment,
and at relatively low cost provided a powerful
incentive for the Navy's acceptance of the high
frequencies. However, it was the pressing need
tor more frequency channels and the experience
of high command with high frequencies that
brought about official acceprance.

On 1 July 1922, the Navy consolidated its
then existing Atlantic and Pacific Fleets into a
single U.S. Fleet composed of four elements:
the Battle Fleet, the Scouting Fleet, the Control
Force, and the Fleet Base Force. The newly
organized Fleet engaged in exercises during
the winter of 1922.1923 which, as reported by
the Commander-in-Chief on March 1923, dis-
cdosed that communications within the Fleet
and between the Fleet and the Navy Department
were neither satisfactory nor reliable 29

During World War 1, the primary need for
communication had been that between the
United States and Europe, accomplished as
stated previously. The communication needs
for operations at sea were limited to convoy
protection, antisubmarine actions, and the broad-

casting of intelligence, meteorological, and
hydrographic information. The new Fleet
organization made necessary radio  circuits

between the Navy Department, the Commander-
in-Chief, Fleet and Force Commanders, Sub-
commanders, and all ships, thus greatly increasing
the total number of channels required. Simul-
taneous operation of several transmitting and
receiving circuits aboard a ship had to be pro-
vided for many ships. Experience in the Fleet
exercises had shown that arc and spark trans.
miteers created such interference that simul-
taneous reception aboard the same ship was
practically impossible when they were used,
and they had to be abandoned. It was the Navy's
good  fortune that high-frequency techniques
had then reached a state of development which
could provide the greatly increased capability

needed.

During the summer and fall of 1925, the U.S.
Fleet engaged in maneuvers in the vicinity of
Hawaii and then cruised to Australia and New
Zealand. Considerable success was experienced
during this trip in maintaining communication
directly with Washington using high-frequency
equipment installed on the flagship, USS SEAT-
TLE, working with that located at NRL27® Ac
Melbaourne, for a period of ten days, traffic was
handled on high frequencies which was found
impossible at the low frequencies due to the
presence of heavy atmospherics not affecting
HF. Convinced of their utility, the Com-
mander-in-Chief, U.S. Fleet, then ADM R. E.
Coontz, in his report to the Chief of Naval
Operations dated 16 Sept. 1925, in view of the
results obcained with high frequencies by the
USS SEATTLE on the Australian cruise
recommended that all flagships of the Fleets
and Forces, all cruisers and all high and
medium power radio stations be provided with
HF equipment.?” On 5 Nov. 1925, the Bureau
of Engineering, based on NRL's extensive
efforts, made a final decision to include HF
equipment in the Navy's Radio Modernization
Plan, then being revised, greatly extending
planned HF installations beyond the original
recommendations.?®

Radio-Frequer y Channel Allocation

The advent of high frequencies introduced
a new aspect in the problem of radio-frequency
chaanel allocation requiring reconsideration of
previous allocations based on the properties of
the lower frequencies. It was evident that high
frequencies could cause interference over great
distances and that the low cost of installation
would make their use attractive to many interests.
Frequency allocation would, henceforth, have to
be accomplished from a worldwide viewpoint.
Accordingly, the Bureau of Engineering,
based on NRL’s work and with its assistance,
prepared a new frequency-allocation plan
which included the high-frequency band.
This plan was adopted by the nations of the
world and, for the first time, established order
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NRL EXPERIMENTAL HIGH-FREQUENCY
CRYSTAL-CONTROLLED TRANSMITTER

This transmitter was first to communicate with Australia on 15,000
kHz. 1t handled trafhic directly with the US. Fleet flagship, USS
SEATTLE, during the cruise of the Fleet to Australiain 1925, a demon-
stration which contributed importantly to the Navy's adoption of high
frequencies. L. C. Young, shown here, who developed the equipment,
was Associate Superintendent of NRL's Radio Division during the pe-

riod 1936-1945.

in the utilization of the radio-frequency
spectrum (1929). NRL's propagation work had
shown that such a plan had to take into account
the diurnal and seasonal effects with respect to
distance and frequency. Its work on quartz-
crystal frequency control, to be reviewed sub-
sequently, had shown the need to have frequency
assignments for stations harmonically related for
effective transmitter design. The Navy's plan
received the approval of the Interdepartmental
Radio Advisory Committee on 25 Feb. 1926.2
The plan was submitted for consideration to the

Fourth International Radio Conference, convened
in Washington on 4 Oct. 1927, and attended by
representatives of 80 countries (the largest
international conference in history up to that
time). At that time the frequency stability main-
tained by a large percentage of the world's
radio stations did not exceed 0.1 percent. NRL
had demonstrated the feasibilicy of maintaining
a frequency stability of 0.0l percent over a
period of several months, which if adhered to
would make many more frequency channels
available® This demonstration permitted the
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Navy to insisc that the nations attending the
conference accept higher stability. The con-
terence agreed, stating in its regulations that
“...Waves emitted by a station must be main-
tained upon their authorized frequency, as
exactly as the state of the art permits..."3!

The Navy's plan became the basis for the agree-
ment of the conterence on the allocation of
radio-frequency channels and the control of
emitted trequency.® The convention resulting
trom the conference became effective 1 Jan.
1929 for the ratifying governments. This agree-
ment was of far-reaching importance, since it
established order in the international use of
the radio-frequency spectrum and made available
a greatly increased number of frequency channels
having worldwide clearance.

High-Frequency Equipment

General interest in high frequencies  grew
rapidly, and many demands were placed on NRL
by both the Navy and outside interests for
equipment for installation on ships, atrecraft,
and shore stations. Upon the approval of the
Navy's Modernization Plan, the Laboratory was
charged by the Bureau of Engineering wich che
development of the radio equipment necessary
t0 meet its objectives. Demands for  Fleet
cquipment became so  pressing  that interim
measures were resorted to, such as the quick
assembly of “breadboard” equipment and the
provision of instructions to enable Fleet per-
sonnel to modity the Navy's first succ: ssful
voice-communication equipment, the CW 936,
which operated at the lower frequencies 3

Early high-trequency transmitters employed
the master oscitlator-power amplifier principle,
which, while providing satistactory frequency
stability at the lower frequencies, was soon
tound to need improvement for operation at
high frequency. Dithculey was experienced in
maintaining a beat note of suthcient constancy
with the main mode of operation, continuous-
wave and heterodyne reception. The lack of
ridity of components, changes in thesr char-
acteristics due to temperature variations, and

RN

changes in antenna properties and power-supply
voltages were major causes. Nationwide atten-
tion was drawn to the difficulty in the transcon-
tinental trip of the dirigible USS SHENAN-
DOAH, previously referred to, during which
wild excursions of the beat note resulted from
the swinging of the trailing-wire antenna when
underway.

Intrafleet HF Equipment

To provide improved frequency stability,
NRL, in its development of the first intrafieet
equipment for the newly adopted frequency
band, 2000 to 3000 kHz, provided components
of maximum rigidity and constancy and which
used relatively low coupling between master
and amplifier circuits (1923). To minimize the
influence of antenna variations the ransmission
line, matched at both ends, to teed the trans.
mitter output to the antenna was introduced.
This combination provided frequency stability
considered acceptable in the assigned frequency
band at that time. 33 Experimental models (100
waets output) were given service tests on the
USS CALIFORNIA and USS TENNESSEE and
were reported to Uexceed expectations” (1924,
Patterned  after NRL's design, 110 of these
cquipments were obtained  from  commeraial
manufacturers  and  installed  on bareleships,
crutsers, and destroyers.  These  equipments
became known as Models TV, TW, and TX
(varying in power supply voltages), and were
the first to provide effecive intrafleet com-
munication. Later, they were modernized through
the incorpor ‘on of quartz-crystal frequency
control and gave service over an extended
period 337

Piezoelectric (Quartz) Crystal
Frequency Control

Experience with existing methods ot frequency
control made evident that it the Navy were
successtully to use che higher frequencies, new
means of control would have to be devised.
Accordingly, NRL initiated its  investigations

a3
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FIRST INTRAFLEET FQUIPMENT FOR THE NEWLY
ADOPTED FREQUENCY BAND OF 2000 TO 3000 KHZ, THE
MODEL TV (1923%)

This cquipment, developed by NRIL, provided trequency stability through

components ot maxemum pgrdoy and constaney and the use ot relanvely

low coupling between master osallatoe and amphitier arcuts: The partiealar
transintter shown was stalled on the USS DALLAS

ot quartz crystal-controlled vacuum-tube oscilla-
tors (192l Th e phase of the work
conceraed wath che direct control of the fre-
ot output the
developmene ot a0 highly  stable arcait with

quency transmiatter resulted in

good output 1n which the crvstal was conneceed
beeween grid and cathode ot a triode with an

0

Il]\hl((l\'(.'h' reacnive, nedr-resonant Ull([‘l" (G
cutt.® The limited the trequency ot
oscillation to a single crystal mode. This quartz-
crystal oscillator circuit developed by NRL,
with frequency stability adequate for opera-
tional use over the high-frequency band,
became the Navy standard crystal-controlled

circutt
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oscillatot circuit (1924).4¢ I¢ was used ex-
tensively for control of transmitter output.
Since the mounting elements in contact with
the crystal had some influence on its fre-
quency, crystal holders were developed which
minimized the “load” on the crystal while
physically restraining it to avoid changes due
to vibration. These became the Navy standard
crystal holders for ships and aircraft and were
used for many years.*? To obtain the highest
possible degree  of trequency  stability  with
crystals, which were found to change slightly
with temperature, precise temperature control
was provided tor the groups of crystals neces-
sary to give the several frequency channels
required in the equipment -+

Studies of crystal structure relative to fre-
quency stability and power output resulted in
the determination of the best mechanical mode
and the most effective “cuts” with respect o
crystal axes 347 Of all ikely crystalline materials,
alpha quartz, having & doubly refracting, asym-
metric  atomic structure, was found to  have
superior oscillator properties. NRL discovered
that if the quartz crystal were cut at the proper
angle relative to its axes, a “zero frequency-
temperature coefhicient” could be obtained
(1924 However, at that eime, to take advantage
of 1ts high power output for transmitter control,
the “X-cut,” in which the surtace of the crystal
1s normal to the X axis, was used. Its use in Navy
cquipment  extended  chrough 4 considerable
period.

Since many crystals were required by the Navy,
and since quantity  production methods were
unknown, NRL developed practical  crystal-
erinding and rapid  frequency-adjusting  tech.
niques which expedited manufacture at reason.
able  cost. The Laboratory  became  the sole
supplier of fnished quartz crystals unnl June
1932, when this responsibility was transterred to
the Optical Shop of the Washington Navy Yard.
The Yard later was relieved of this task when
commercial production became available. Some
Navy activites stll prepare special crystals.

During World War 11 existing means of pro-
duction were found incapable of mecting the

51

remendous demand  tor quartz crystals. To
relieve  this sicuation, NRL devised a wbe
counter —x-ray —spectrometer  technique which
provided an accurate, rapid, and reliable method
of determining cthe optical axis of quartz adapt-
able to the production line. This development
greatly accelerated tabrication, permitting the
production goal to be attained and at substantally
reduced cost ¢ [942) 4

Crystal-Controlled Transmitters

The first  crystal-controlled,  high-frequency
transmitter, developed by NRL early in 1924,
was of relatively low power (about five watts).
In increasing the power outpue, dithculty was
encountered  with  self-oscillations  generated
it amplifiers, not experienced at the  lower
frequencies. These oscillations  resulted  from
the increased effect at high frequencies of the
coupling between output and input circuits due
to the grid-anode capacity ot the amplitier tubes
uriodes)  then avatlable. A turther  ditheuley
resulfing from this coupling was the loss of much
of the power generated by the crystal oscillator,
which, instead of performing its function of
driving the input circuit of the firse amplifier,
was passed through the amplifiers and radiated
by the antenna In overcoming these ditheulties
the “balanced-amplifier” circuit was introduced.
in which the voltage in the input circuic ot the
amplitier  due o the  grid-anode  capacitive
coupling was balanced by a voltage of opposite
polarity induced in the input circuit by inductive
coupling ted from the output circuit (1920 In
shielding  of  the
crincal  parts of  circuits was  provided 44d4:se

addivon,  electromagnetic

These measures prevented amplifier self-oscitla-
tion and conserved crystal oscillator power, and
also muinimized  undesirable  radiation which
resulted trom keeping the oscillator tunning to
asure stability during the "key-up”™ position of
the normal “keved”™ continuous-wave (CW) mode
of operation.

High-tfrequency crystal-controlled transmitters
incorporating the balanced-amplifier circuit were
developed  tor various  power output  levels.
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NRL'’s efforts resulted in the first high-power,
high-frequency, crystal-controlled transmit-
ter; a power output level of over 10 kW at
4100 kHz was attained on 3 Nov. 1924 5152
This equipment was used extensively at 4200
kHz by the Navy Department for handling
regular transoceanic and cranscontinental
communication traffic for a period of a year,
beginning December 1924, Its  successful
operation over long distances and the high
stability of its frequency helped greatly in

30834 (345)

fostering Navy confidence in the operational
utility of hizh frequencies. The Navy Depart-
ment continued to use this and other higher
frequency  equipment  provided by NRL in
handling its communication crathe uncil the new
tacilities at the Navy's Radio Station, Arling: a,
Virginia, became available on © May 1927

dithculty  in
controtled  transmitters  concerned  the  genera

Another developing  crysaal

tion of output power above 000 kHz, where
the output of crystal oscillators declined rapidly.

FIRST HIGH FFQUENCY, HIGH POWFR, CRYSTAL CONTROLLFD TRANSMITTER

This equipment, developed by NRL which provided 1O R ac 1700 KHz, was used by the Navy Department, under call letten

NKF, t0 handle regular transoceante and transcontmental communication teathe tor 1 vear, bexinning in 1973 The rranse - op

was used o assess the eperstonal utiloy of high teequenaes 1 plaved an important cole i the Navy s eventual adopuon ot high

trequencies A high power L1700 hHz transnutres s seen an the lete background The e proot of the exiseence of conducting

Lavers o the wonosphere through the use of reflected radio pulses and the e deermnation ot ther heght through measure

meot of the tranait ame of such pulses were accomplished wich this ceansmtecter 1009 This palse transat teme method of distance

measurement was lacer used 10 radar The author of this document s seen in the toreeround
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To solve this problem, “doubling” and “tripling”
amplifier circuits with means to suppress unde-
sired harmonics were devised (1924).43¢,53-55

Shore Station High-Frequency,
High-Power Transmitters

The remarkable results being obtained with
high frequencies (1924) brought up the question
of abandoning the Navy's many large and expen-
sive arc transmitter installations. To obtain
additional experience on which to base a deci-
sion, NRL was requested to provide a shore
installation of a suitable high-power, high-fre.
quency transmitter. At this time it also appeared

60834 (351) Y8

possible with high frequencies to obtain complete
and continuous coverage of large ocean areas,
such as the Atlantic, through simultaneous
transmissions on several properly chosen fre-
quencies, so that the Navy could broadcast
messages to be received at the same time by its
ships wherever they might be in the area. Cover-
age of the North Atlantic ocean area with
high frequencies from shore was provided
for the first time through NRL'’s development
of a crystal-controlled transmission system,
termed the Cornet Transmitter, which was
installed at the Navy’s Radio Station, Arling-
ton, Virginia (NAA) for control by Naval
Radio Central at the Navy Department (1926-
1927).563% The transmitter comprised four units,

THE “CORNET” HIGH-FREQUENCY, HIGH-POWER TRANSMITTER

This transmitter, the Model XD, was installed at the Navy's radio station, Arlington, Virginia (NAA) Tt was controlled by Radio

Central ar the Navy Department and provided continuous

verage of the North Atlantic Occan area through simultaneous broad-

asts an four radiofrequency bands (units, left o nght, operace at 40001925, B000-9050, 12,000-13,500, and 16,000-18,100
kHz). The transmitter, developed by NRL (1926:1927), was the Navy's first high-power, high frequency equipment suitable for

regular operatnonal use. It gave service over many years.
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covering respectively the bands 4000 to 4525,
8000 to 9050, 12,000 o 13,650, and 16,000 to
18,100 kHz, which could be operated simul-
taneously or independently. The transmitter,
also designated the Model XD, had a power
output varying from 10 kW for the lowest fre-
quency unit to 5 kW for the highest, a power

leve! aly 2 percent of that of the arc trans-
m'*: '+ This equipment gave satisfactory service
fc- - .any years. The experience gained in its use

w. an important factor in the Navy's decision
to abandon all of its arc installations.

The Navy was not able to interest commercial
organizations in providing additional, urgently
needed, high-power, high-frequency transmicters
for its shore stations and requested the Labora-
tory to make them. Multichannel (4000 to 18,100
kHz) crystal-controlled transmitters of 5 kW
output resulted. These equipments, designated
Model XF, were installed at the Naval radio
stations located at Mare Island, California (1927)
and Darien, Panama Canal Zone (1928) and gave
extended service 8062

Ship High-Frequency Traansmitters

The newly developed HF techniques were
used in crystal-controlled transmitters, which,
because of urgent demand, were made in
quantities by the Laboratory (1925). These
transmitters, developed by NRL, and desig-
nated Model XA, were the Fleet’s first crystal-
controlled high-frequency operational equip-
ments (500 watts, 4000, 8000, 12,000 kHz
bands). They were installed on ships such as
the USS MEMPHIS, TEXAS, SEATTLE, CAM-
DEN, PITTSBURGH, PROCYON, ROCHES-
TER, TAMPA and WYOMING (1926-1928).8
The USS MEMPHIS received the first equip-
ment, which was tested on its trip to France
during June and July 1926.% The Commanding
Officer of the flagship, USS MEMPHIS, in re-
porting on the performance of the equipment to
the Navy Department, stated that .. .the new
Model XA transmitter has given unusually good
results and is practically the only means of
communication that the MEMPHIS has. ... The

54
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THE FLEET'S FIRST CRYSTAL-CONTROLLED
HIGH-FREQUENCY TRANSMITTING
OPERATIONAL EQUIPMENT

This equipment was designated the Model XA (500 wate,
4000, 8000, 12,000 kHz bands). 1 number were made by
NRL and installed on ships to gain experience when operated
by regular Navy personnel (1029)
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other transmitters on the MEMPHIS are of
practically no military value whatever and it is
recommended that they be removed. '8

At their request, the Coast Guard was fur-
nished several Model XAs, cheir first HF
equipments, which were used by them in the
International lce Patrol of the Adantic during
the 1926 season. The Coast Guard reported thae
with them cheir ships were, for the tirst time,
v able to maintain direct communication with
Washington,” a performance beyond the capa-
bility of their lower frequency equipment and
of importance to safety at sca® Several equip-
ments, modihed tor operation on alternating-
current power supply, designated Model XB,
were made for che Marine Corps ctheir hiest
HF cquipment) tor communication with their
torcign bases (192608 At their request, the
Signal Corps of the Army was furnished a Model
XB, their tiest HF  crystal-controlled  com-
munication cquipment (1920), which they had
duplicated in quanuties and installed in their
Army Communication Net, where a large amount
of trathc was handled over a considerable
pcl’i()d Y .e8

The experience acquired in the use of the
Model XA equipment aboard the different
classes of ships convinced the Navy that high
frequencies were capable of providing a reliable
scaborne communication capability far superior
tn pertormance to that of the lower frequencies.

Ship High-Power, High Frequency
Transmitters

In order to determine the power level ap-
propriate tor shipboard high-frequency installa
tons, 4 S-kW cransmitter (Model XF-1), suitable
for operation aboard ship, was developed and
mstalled on the USS TEXAS (1929198 1t was
tound chat chis high power level caused radio-
trequency field intensities in the vicinity of the
large guns so great chat sparks could be drawn
from them. The hazards involved in handling
ammunition led to a decision to limit power to
1 kW Furthermore, at this power level, the
dithculties encountered 10 the use aboard ship
of the watercooled tubes aceded tor the higher

99

power could be avoided through the use of
available air-cooled tubes.

Submarine High-Frequency Transmitters

Radio communication from submarines had
been unsatistactory operationally until the late
1920°s. The severely limited space aboard sub-
marines forced the use of lower power and
prevented the erection of antennas of suthcicnt
size to radiate cthciently at the lower fre-
quencies, so the performance of radio equipment
on this class of ship was greatly inferior to that
on larger ships. The low power and small
antennas offective at high  frequendies were
attractive tor such inseallations. To demonstrate
the superiority of HF over .ne lower fre-
quencies for submarine communication, NRL
developed the Model XE crystal-controlied
transmitter, the first submarine high-fre-
quency equipment (1927-1928).7%" The Model
XE scluded for the first time an important
improvement in amplibication made possible by
the newly avadable screen-ged, tour-element
tube. This tube contained an additional grid
mterposed  between control grid and  anode,
which, held at the radiofrequency potential
of the cathode, shielded the input and output
circutrs from cach other. This shield prevented
the coupling between these circuits which
previously had caused trouble wich selt-oscilla-
tions. The General Electric Company provided
carly models of this tube, enabling the Labora-
tory to devise circuits which provided ethcient
amplification and greatly simplified HF trans-
miteer construction and operation. The Model
XE (2000 to 18,100 kH2) comprised a crystal-
controlled  oscillator (CW 1818 tube), an
intermediate amplifier (ewo SE 3119, 7S.watt
tubes in paralleD and a power amplifier (one
SE 3124, 750-watt tube). The transmitter was
installed on the submarines V-1 and V.2 at San
Francisco, and tests were carried out on a trip
to Hawaii and return with good results ( June
1928). At Hawaii communication was cstab-
hshed, both day and night directly with Washing-
wn (NRL), a long-distance record for sub-
marines. The forwarding endorsement of the
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THE FIRST SUBMARINE HIGH-FREQUENCY
COMMUNICATION TRANSMITTER

This equipment, developed by NRL (Model XE, 2000 o
18,100 kH2), and installed on the V-1 and V-2 submarines,
demonstrated the utility of high frequencies for submarine
communication during Fleet trials in the Pacific Ocean
(1928).

56

letter from the Commander Submarine Divi-
sion, Battle Fleet, to the Navy Department
reporting on the results obtained with the
Model XE HF equipment stated, “The Com-
mander-in-Chief, U.S. Fleet is pleased to
forward subject report which is timely in
that it demonstrates that high frequency
equipment is essential to submarines for long
distance daylight communication” (Aug.
1928).7

Although greac difficuley was encountered
during installation of the Model XE transmitter
due to narrow passageways, the large V type
submarines nevertheless had sufficient space to
accommodate the equipment. To meet a demand
for equipping the smaller and more numerous
S type submarines, the Laboratory made a
quantity of smaller but lower powered equip-
ments designated the Model XK (March to May
1929). These comprised a crystal-controlled
oscillator (CW 1818 tube), an intermediate
amplifier (SE 3119, 75-watt tube), and a power
amplifier (SE 3119, 75-watt tube) and covered
a range of 4000 to 20,000 kHz. The equipments
were installed on the submarines S-42, S-43,
S-44, and $-46. During the patrol trials held by
the Submarine Divisions of the Battle Fleet in
November 1929, considerable propagation data
were acquired with the XE and XK on ship-
distances and performance at ranges out to 500
nautical miles on high-frequency transmission
over sea water. Also, the minimum exposure of
a submarine's periscope antenna above the
surface of the sea, while otherwise running
submerged, necessary for satisfactory com-
munication with surface vessels was determined
out to ranges of 500 nautical miles. About three
feet was found to be adequate. Submerged-
submarine communication under these cir-
cumstances with NRL's equipment was
maintained out to 80 nautical miles. The
Force Commander in his report pointed out
the value of this submarine capability in
wartime for submarines operating over wide
patrol areas.’™

The Navy, having relied upon medium fre-
quencies for transmission from submarines, was
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concerned whether high frequencies could per-
form all the necessary functions. Even though
the space aboard its submarines was severely
limited, it decided to equip them with both
frequency bands combined into one equipment.
However, when it sought quantity procurement
of such equipment from major commercial com-
panies, these organizations stated that they could
not make equipment covering the frequency
bands and provide other features specified to fit
in the space available (1928). To contend with
the reluctance of commercial organizations
to combine both LF and HF capabilities into
one compact equipment, NRL developed a
crystal-controlled transmitter (200 watt, 300
to 600, 2000 to 3000, 4000 to 18,100 kHz)
which became the Model TAR equipment
(1929)." The transmitter was arranged in sec-
tions so it could easily go down a submarine
hatch. lIts design provided flexibility for use
with loop, flat-top, and periscope antennas with
quick-frequency-shift and safety features desir-
able for submarine operation. The satisfactotry
performance of this equipment was demonstrated
aboard the Submarine S-21 assigned to the Lab-
oratory (1930).

When the Laboratory's model was shown to
representatives of commercial concerns, one of
them agreed to produce the Model TAR equip-
ments and supplied enough to equip 20 S type
submarines (1930-1932). Subsequently, addi-
tional quantity procurement was obtained from
other concerns which provided equipment of the
same basic design, designated the Model TBG
(1933) and the Model TBL (1935).

The submarine S-28, equipped with the Model
TAR, while making passage with the vessels of
submarine divisions 11 and 19 from San Diego
to Lahaina, Hawaii was able to maintain solid,
two-way communication with either of cthe sub.
marines V-2 or V-3 located at San Diego. The
Commander of the Submarine Divisions,
Battle Force, reported that with NRL's Model
TAR equipment, two-way communication on
HF could easily be maintained with other
vessels of the divisions enroute out to 200
miles and more. He also stated that the ex-
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perience ‘‘demonstrated the use and value of
high frequency for communication with
scouting or screening submarines in fleet
areas’’ and that “it was feasible to maneuver
the submarines in much the same way as if
they had been in visual contact” (1930).7¢

This and subsequent experience with high
frequencies in submarine communication con-
vinced the Navy that it could dispense with
transmissions at medium frequencies. As a re-
sult, the space occupied by medium-frequency
equipment, particularly the large, cumbersome
“clearing-line”’ loop antenna, was made available
for other important uses.

*Electron-Coupled” Oscillator-Controlled
Transmitters

The number of crystals required to meet the
Navy's needs for HF communication channels
reached a point where access, storage, and supply
became a problem. NRL's earlier investigations
of master-oscillator circuits were therefore ex-
tended to obtain means of frequency control,
continuously covering the high-frequency band,
which would provide this flexibility, not pos-
sessed by the quartz-crystal oscillator, without
serious compromise in frequency stability.”? A
circuit had been designed which could be quickly
interchanged with the standard crystal holder
(type SE-3716) (1930). While this circuit pro-
vided flexibility in frequency and continuity of
operation in an emergency, it did not possess the
desired precision in frequency. It was found that
a circuit using a screen-grid tetrode, with the
screen grid maintained at radio-frequency ground
potential to isolate the oscillator from the output
circuit, could be made to give acceptable stabil-
ity.™ In this circuit, the screen grid also acted as
an anode, which, together with the control grid
and cathode connected to a resonant circuit,
formed the oscillator. The output circuit, always
tuned to double frequency to minimize reaction
on the oscillator, derived its energy from the
double-frequency component of the electron
stream drawn though the screen grid by the po-
tential of the conventional anode. This action led
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to the name “electron-coupled” oscillator. Seabil-
ity of this oscillator was enhanced through the
use of a resonant circuit of low inductance-to-
capacitance ratio with highly stable tapped
capacitances and a tapped rigid inductance, fine
tuning being accomplished by the axial move-
ment of a copper cylinder inside the inductance.
The oscillator resonant-circuit components were
well shielded and mounted in a compartment
maintained at 60°C. A compensating capacitor
was provided to minimize the effects of ambient-
temperature changes on external components.

This oscillator (type 38160 tube) was incor-
porated in a transmitter comprising a frequency-
Jdoubling amplifier (type 38160 tube), an inter-
mediate amplifier (type 381060 tube), and a power
amplifier (type 38161 tube) and providing a
power output of 500 watts over a frequency range
of 2000 to 4525 kHz. The transmitter proved
satisfactory in extensive tests and was demon-
strated to commercial organizations in seeking
procurement. The commercial product was
procured by the Navy in considerable numbers
and was designated the Model TBF (1933).7° The
frequency range of this type transmitter was
subsequently extended to cover from 2000 co
18,100 kHz.

The “electron-coupled oscillator” type of
transmitter developed at NRL provided for
the first time frequency stability equivalent to
that of the fixed-frequency crystal, but with
continuous-frequency coverage. This type of
transmitter became the forerunner of a series
of transmitters which saw Naval service over
a period of many years, extending through
World War I1.

High-Frequency Transmitter Development,
1930 to 1945

During this period NRL's efforts were directed
to quick and positive frequency channel changing,
higher frequency stability, increased ethciency,
reduced harmonic radiation, greater reliability,
and compactness.® The results obuained were
incorporated into a series of models the Navy
procured from commercial organizations. With
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crystal-controlled transmitters, the objective
of 0.01 percent in frequency accuracy was at-
tained on 50 percenct of the production during
the early 1930's and on practically 100 percent
by the end of World War 1, a large percentage
providing 0.005 percent accuracy at the latter
time. However, most of the earlier production
of electron-coupled-oscillator-controlled trans-
mitters (all shipboard) gave a frequency accuracy
of only 0.025 percent. By the end of the war, an
accuracy of 0.015 percent was obtained on most
of these transmitters.

During this period, 15 different models of
shore station (15 W to 30 kW) and 15 models of
shipboard (15 W to | kW) HF transmicters were
procured by the Navy #8¢ The shipboard trans-
mitters were made in by far the greater number,
procurement of some of the models during the
war reaching very large quantities. For instance,
the Model TBK went through 21 versions, the
TBX, 19 versions, the TBL, 15 versions, and the
TCS, 17 versions.® Each model and many of the
versions involved reconsideration of specifica-
tions and the incorporation of such improve-
ments as could be accomplished at the time.
During che war period practically all changes in
design were of minor nature, procurement being
largely a matter of duplication of existing de-
signs by competent manufacturers to produce the
large number of equipments needed.

High-Frequency Receivers

The development of the high-frequency re-
ceiver, as a major component in HF communica-
tion systems, accompanied that of the transmitter.
A series of experimental HF receivers, mainly of
the “tuned-radio-frequency” type, were provided
by the Laboratory for service use during the
Navy's high-frequency trial period. Due to the
interest generated, some of these receivers were
quickly produced in quantities by NRL and
placed in service by the Navy. The first of the
series of experimental HF receivers developed
by NRL (September 1924)* to find consider-
able Navy use was intended for installation in
aircraft. Its performance was limited by the
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THE FIRST HIGH-FREQUENCY RECEIVER

This receiver was furnished by NRL to the Fleet to assess the pe

rformance of high frequencies €2000-17,000 KHzy (1920 Dr

A Hoyt Taylor 1s shown operating NRL's station (NKF) using ane of these receivers (eenter) 10 aquire propagation Jata. Dr
Taylor was superntendent of NRL's ongimal Rudio Diviston from 1923 to 1945, During this penod, the Division’s staff grew
trom 144 to over 1000, Through the leadership, gurdance, and nsprranion of Dr. Taylor, the scope of the radio-clectrontc held was
broadened extensively, and major saentfic advances such as the development of high-frequency communication and the ongina

tion of radar were accomplished These advances proved of 1nesumable value to the Navy, the mifitary, and the naton, particalarly

during World War 11

plane’s ignition interference. However, in
ship and shore installations, where the inter-
ference level was relatively much lower, it
gave attractive results. The Laboratory, with
the help of a local contrazior, produced 35 of
these receivers, which were distributed to various
classes of ships and to outlying radio shore
stations as requested by the Bureau ot Engi-
neering (192:4-1926).% Receivers of this type
were furnished the Marine Corps and U.S. Coast
Guard (1926). One was used in the dirigible
USS SHENANDOAH on its historic west coast
trip during October 1924, This receiver was of
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the regenerative type employing an oscillating
detector and two stages of audio amplification
(three CW-1344"N" tubes, 2000 to 17,200 kHaz.

Improved sensitivity and  selectivity  were
obtained in a subsequent receiver which em-
ployed radio-frequency amplification for the hrst
cime at high frequencies (1925). The HE am-
plificr, introduced ahead of the oscillating de-
tector, was “halanced” to obtain gain without

= —— ©

sclf-oscillation as was discussed previously under
“crystal-controlled transmicters.” The balance cir-
cuit also served to prevent passage of energy from
the oscillating detector through the ampliher
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to the antenna, thus avoiding interference with
other receivers on the same ship. An antenna
“trap” (antenna coupling unit, type SE 4363)
and capacitive coupling between the HF amplifier
and detector provided selectivity to avoid inter-
terence from the lower frequency transmitters
in close proximity on shipboard. The receiver
used four CW 1344 N type tubes and covered a
frequency range of 1000 to 20,000 kHz. Later,
when the screen-grid tube (SE 3382) became
available, its substitution for the triode in radio-
frequency amplifiers resulted in increased gain
and simpler operation. This HF receiver, de-
veloped by NRL in 1925 and designated the
Model RG, was procured in numbers approxi-
mating 1000 and was used throughout the
Naval service.®® The Model RG was the
Navy's first “operational” HF receiver and its
principal HF receiver for a decade. In 1940,
the 50 U.S. destroyers sent to England for use

by the British during the war were equipped
with Model RG receivers.

Superheterodyne High-Frequency Receivers {

Since it was devised (1918), the superhetero-
dyne method has been an attractive means of
obtaining radio-frequency amplification in re-
ceivers covering a wide frequency band ¥ By
heterodyning the incoming signal to a fixed fre-
quency, advantage can be taken of the superior
gain, selectivity, and simplicity possible when
circuits are optimized to amplify a single tre- i
quency. In NRL's early work with this method, {
difhiculties arising in the shipboard environment
were encountered which were not experienced in
the commercial radio broadcast field to which it
had been applied. The many transmitters and
receivers, necessarily 1n close proximity, pro- i
duced severe reaction beeween fundamental and ;

75449

THE FIRST HIGH-FREQUENCY RECEIVER FOR REGULAR OPERATIONAL USE
This receiver (Model RG, 1000 to 20,000 kH2), developed by NRL (1925), was the first to reach the Fleet in large numbers
It was first to incorporate radio-frequency amplification. It became the Navy's principal receiver and remained so for over a decade
continuing in service during World War 11
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harmonic frequencies of the transmitter and the
heterodyne oscillator, interfering with recep-
aon. Receiver response at the “image” as well as
the signal frequency made the receiver vulnerable
to incoming interference at the image frequency.
Radiation from the heterodyne oscillator in one
receiver caused interference with other receivers.
The tuning of the receiver input circuit caused
“drag” of the frequency of the heterodyne oscilla-
wr. The double heterodyning required for con-
tinuous-wave reception brought additional
interterence arising from the interaction of the
two oscillators. Early models of these super-
heterodyne type receivers made by NRL brought
these difhculties forcefully to attention when the
receivers were installed on the USS CALIFOR-
NIA (1924-1920).88-80

A substantial step in overcoming the diffi-
culties experienced with the superheterodyne
receiver was made by combining the Model
RG receiver with a Model RE receiver (10 to
100 kHz), also developed by NRL, with the
latter acting as a fixed-frequency amplifier at
15 kHz (1927). The excellent shielding of
these receivers, the preselection of the Model
RG, and the provision of suitable coupling
circuits led to improved reception perfor-
mance (1927).°" A numbert of these receivers
were put into operational service.

High-Frequency Receiver Development,
1930 to 1945

In its subsequent efforts, the Laboratory im-
proved the selectivity and RF amplification of
the tuned-radio-frequency type of receiver. The
freedom of this type from the interference prob-
lems of the superheterodyne, due to “image”
response and reactions from oscitlator funda-
mental and harmonics, made it attractive for
Naval use. Nevertheless, the superior selectivity
and the large constant gain with stability over a
wide frequency range possible with the fixed-
frequency amplifier of the superheterodyne re-
sulted in its predominance. It was due to NRL's
continuing efforts that the performance of the
superheterodyne receiver was improved to

6l

such an extent that it became acceptable
for shipboard operation. Attention was given
to preselection, RF amplification before
detection, cross-modulation in detection,
heterodyne oscillator stability and isolation
from antenna circuitry, fixed-frequency
amplifier stability, adequate shielding, and
simplification of operation.®? The results
obtained in the work were incorporated into
a series of approximately 40 different receiver
models (some of which went through many
versions) produced by various commercial
concerns.’2% The first of this series, the
Model RAB, 1000 to 30,000 kHz (1935),
provided performance which in most respects
was not exceeded through the war period.*
However, its size and weight limited its
installation to the larger ships and shore
stations. Of the more compact and lighter
models which followed, the Model RAL
of the tuned-radio-frequency type and the
Models RAO, RBB, RBC, and RBS, of the
superheterodyne type, were procured in large
numbers, particularly during the war period,
and used throughout the Naval service.®

Navy Outfitted with High-Frequency
Equipment

When the Navy became convinced of the opera-
tional value of high frequencies, it faced the
problem of procuring transmitting and receiving
equipment in sufficient quantity and variety to
outfit its many ship and shore stations. Toward
the end of the 1920's, commercial concerns began
to show interest in providing the Navy with HF
equipment, an interest probably stimulated by the
declining profits experienced as a pretude to the
Great Depression of the 1930's. To stimulate
the latent interest of commercial organizations
sufficiently to produce the HF equipment the
Navy needed to equip its Fleet, the Bureau of
Engineering arranged a meeting with representa-
tives of likely producers. At this meeting, NRL
reviewed the technical problems involved in
HF equipment and the means it had devised to
meet these problems (1929). Standards of
equipment performance based on NRL's work
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60834 (354

|

60834 (355)
TYPICAL RADIO COMMUNICATION INSTALLATION - DESTROYER
USS DALLAS (1925)
In the upper photo, left to night, are the Model TL 6-hW vacuum-tube transputter, which
operated from 200 o 600 AHz 1922y, the Model TV interfleet transmitter, 2000 to 3000
KkHz, developed by NRL 11925 and the Model (W.036, the Navy's first vacuum-tube
transcetver, operating at 5 W otrom 199 to 1170 kHz, and used in World War 11918) In
the lower photo are Models RE, 10 to 100 KHz and RE, 75 o 100 kHz, recervers, developed
by NRIL «102%
G2
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were set forth, e.g., 0.0l percent in fre-
accuracy. These standards were agreed to
by the several commercial representatives.”
These discussions were followed by a con-
tinuing NRL effort to provide contractors
with information on technical aspects and
environmental factors to be used in their
designs. The Laboratory furnished the Bureau
the technical information for its specifications,
interpreted contractors’ proposals, and main-
tained such surveillance over contractors’ de-
signs and equipment as was necessary to insure
satisfactory service performance.

Prior to the beginning of the procurement of
high-frequency equipment in the 1930 period,
the effects of the environmental factors of
temperature, humidity, vibration, shock, and
ship roll and pitch on the performance of radio
equipment had been given only superficial con-
sideration. The serious effects of these factors
on frequency stability ac the higher frequencies
and the empbhasis placed on considerations of
structural ruggedness to obtain reliability led
the Laboratory into an extended effort to place
these factors on a quantitative basis. Informa.
tion was obtained on the range and combinations
of temperature and humidity, and variations in
ships' attitude experienced by the Fleet in
worldwide operations. Observations were made
of the vibration and shock, including that of
gunfire, to be encountered aboard ship. Require-
ments to be met by manufacturers were estab-
lished, and testing equipments simulating
shipboard conditions were designed so that
compliance with the requirements could be
determined.

In carrying out this environmental pro-
gram, NRL provided the nation’s first large
temperature-humidity-pressure chamber (20 X
20 x 10 ft high) which permitted electronic
equipment to be subjected to precisely con-
trolled combinations of temperature and
humidity conditions experienced in service
(1935).7 The pressure-control feature of this
chamber provided a means of determining the
performance of airborne radio equipment (a
subject to be dealt with later) at altitudes up
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to 20,000 ft. NRL provided the first vibration,
shock, and inclination testing equipment
simulating shipboard operating conditions
(1934).% The continuing effort with its series
of improvements in test equipment and
methods led to more accurate simulation of
the service environment. The results of the
program were of vital importance to the
reliability not alone of high-frequency equip-
ment, but also to that of a wide variety of
other electronic equipment, including radar
and sonar equipment. The effort paid off well
in combat operations during World War I1.

The extent of the impact of NRL's environ-
mental efforts is indicated by the many thousands
of these high-frequency equipments, both trans-
mitters and receivers, principally for shipboard
installation, which were obtained by the Navy
from various manufacturers, with procurement
greatly accelerated during the World War 11
period. The magnitude of this wartime buildup
is evident from the increase in number of the
Navy's ships from 2082 (7 Dec. 1941 to 37 981
(1 Dec. 1944).% Practically every ship carried
a¢ least one complete HF communication installa.
tion, and the larger ships were equipped with as
many as 26 transmitters and 40 receivers.

These high-frequency equipments gradually
took over the major portion of the Navy's radio-
communicacion load from the lower frequencies.
During the war they provided a means of com-
munication which contributed impottantly to
the war's successful conclusion. Many of these
equipments continued in active service throughout
the Navy for many years.

Aircraft High-Frequency Equipment

NRL developed the first aircraft high-
frequency equipment, demonstrating its
operation in a flight from Washington to
Lakehurst, New Jersey and return on 25 Sept.
1924. During the flight, two-way communica-
tion was maintained between the aircraft
(DH-4B) and NRL'’s station (NKF) on 3700
kHz out to a range of 70 nautical miles.'® The
aircrafc transmitter was heard at points several
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60834 (356)

THE FIRST NAVAL OPERATIONAL ENVIRONMENT SIMULATION
EQUIPMENT

This NRL-developed equipment (1934) was first to provide vibrauon, shock, and inclina
uon simulation of the Naval shipboard operational environment for determining the

pertormance of electrome equipment It was used 1n 1ts work to continually upgrade
the suitabihity and reliabihity of clectronic equipment. The Model TBN high-frequency
communication transmatter, based on NRL's developments, is shown mounted on the

plattorm.

hundred miles distant, but the aircraft reception
range was limited because of ignition inter-
ference. The aircraft transmitter was of the
master oscillator-power amplifier type, with an
output of 7-1/2 watts. The NRL receiver was
the first high-frequency receiver to be de-
veloped for aircraft or ship use and was later
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reproduced in quantities as previously de-
scribed in the section titled “High Frequency
Receivers.” Because of vibration in the aircraft,
the received signal on ground had a rough “beat
note.” This difhculty was avoided in a subsequent
experimental equipment though the use of crystal
control, which provided a constant beat note
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CApril 1929 A aumber of experimental equip-
ments were provided the Fleet o obtain opera
tional experience in aireratt

Although the Navy had accepted high tre-
quencies tor ats ship and shore communication
arcures i 1925 the US. Fleet in 1927 was sull
uncertam ot therr ualiey for communtcation wich
scoutimg atreratt over long distances tout to 500
nautcal mulesy Wich respect to hghtee planes,
the Navy was even uncertain of the role radio
would play 1n the principal aiterate tunction of

“spotting” out to a range of 25 nauacal mules.
In expressing its opinion of high frequencies,
the Fleet scated “le will be a long time betore
we aive up 315 Kidocyeles tor long-distance
scouts. ...the Fleet does not want any high
frequency  apparatus nstalled o long-distance
scouting planes. The Model SE 1385 ACW air-
cratt cransouteer.. s precisely whae 1s wanged. 1o
This transmitter (300 o STO KHz) had been
developed by an NRL staff member 1o pre-NRL
Jdays (19223 1o taking s stand, the Fleer was

60834 (357)

PATROL PLANE COMMUNICATION EQUIPMENT,
TYPE SE 138§

Thes transnutter was the tiese radio communiaation equipment using

clectron tubes capable of providing eftective commumication over che

long ranges required by Naval pateol wiecrate <1020 The equipment
was developed by oan NRLU stat member while the NRI tacilies were

under construction Practically every pattol accrads was provided wieh

thiv cquipment, which operated ar 300 (o S 70 Ky, with S00 g

output It gave rebable service tor over o decades
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concerned with the need for frequency-channel
shifting when using high frequencies, the fragility
of crystals for frequency control, and the assumed
greater weight of high-frequency equipment.
The interference from aircraft ignition systems,
greater at the higher frequencies and thought to
require unacceptably heavy ignition-system
shielding, was also an impediment.

NRL continued its pursuit of improved air-
craft ignition shielding to reduce the interfer-
ence with radio reception. A study of the sources
of interference led to the development of
adequate means of shielding engine ignition
components, including a new type of spark
plug (1927). The application of NRL'’s air-
craft ignition shielding developments to
Naval aircraft eliminated the interference
problem and made high-frequency reception
on aircraft practical.'®*'% In June 1929, at a
conference arranged for the consideration of
the ignition-interference problem and at-
tended by representatives of the aircraft
industry, the Laboratory presented the results
of its work. Shortly thereafter, ignition shield-
ing was applied generally to Naval aircraft.
Later it was utilized in commercial aircraft.
In reporting the results of tests on long-range,
high-frequency communication made by the
U.S. Fleet, Aircraft Scouting Force, its Com-
mander, in his report, stated, “The marked
improvement of receiving conditions in the
planes is ascribed chiefly to ignition shield-
ing...” (December 1931).1% A requirement
for ignition shielding was included in the
1932 edition of the General Specifications
for the design and construction of airplanes
for the Navy.

The Bureau of Engineering decided to explore
the frequency range 3000 to 4000 kHz for
short-range fighter and spotting aircraft com-
munication and sponsored NRL's effort to pro-
vide suitable equipment (1926).1% The first such
equipments procured were the models MD (Gen-
eral Electric) and ME (Westinghouse) (1927-
1929).197 These were followed by the Model
GF transmitter (5000 to 8000 kHz), accompanied
by the Model RU receiver. (1931.1933).1% The
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Model GF/RU equipment was the first to provide
acceptable two-way, aircraft voice communica-
tion, feasible because of the availability of
effective ignition-system shielding. The Model
GF/RU (Aircraft Radio Corporation) was pro-
cured in large numbers and used extensively,
and continued in use through World War II.

Although of relatively low power (5 watts),
the Model GF was also used for patrol aircraft
which required coverage over long distances.
The Models GH (Westinghouse) and GI (Gen-
eral Electric), also procured, provided greater
power (100 watts, 4000 to 13,575 kHz). These
equipments were followed by a series of models
for patrol planes, the development of which
paralleled that of shipboard high-frequency
equipment. NRL maintained surveillance over
these developments to insure acceptable service
performance. The Navy has found the high-frequency
band very useful for long-distance communication
by its aircraft.

Teleprinter-Facsimile

The first transmissions of teleprinter mes-
sages over a radio circuit were accomplished
on 6 Sept. 1922 by NRL staff members just
prior to moving to the present laboratory
site. Transmissions (590 kHz) were made from
aircraft in flight out to distances of 50 miles to
ground and in the reverse direction, with accept-
able results.!'® Instrumentation, particularly for
reception, had been prepared to adapt the tele-
printer (“teletypewriter,” “teletype”) to radio
equipment. The instrumentation developed was
utilized in early guided-missile control. During
April 1923 the first trials of the teleprinter over
Navy long-distance operational circuits, An-
napolis — San Francisco — Pearl Harbor, were con-
ducted using high-power, low-frequency trans-
mission.'" Subsequently, other experimental
use was made of the teleprinter, but the error
rates over long-haul circuits were not low
enough to be operationally attractive prior to
1944.
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FIRST RADIO TRANSMISSIONS OF PRINTED MESSAGES

Teletype printed messiges were fiest transmitted over a radio drcuit with this cquipment (1922, with transmissions berween
an wircraft in tHight and the faboratory ar the Anacostia Naval Air Station. The cquipment included crrcuits to adapt the wletype
to the radio transmucter and recesver. The instrumentation developed by pre-NRL staft members was later adapted by NRL to

the radio control of Naval craft

NRL was first to develop a teleprinter
system for use on radio circuits which pro-
vided operationally acceptable error rates
(1944). NRL's system employed “Frequency-
Shift-Keying” (FSK) in which the frequency
was shifted 850 Hz between two states, “Mark”
and “Space,” with high precision. In view of
the Fleet’'s urgent need, NRL’s system was
quickly put to use on Fleet radio circuits and
extended as soon as possible to the entire
Naval communication system. NRL's FSK.
teleprinter system greatly increased the speed
and accuracy of handling radio communica-
tion trafhic, reduced the number of operators
required, and simplified their training.'’.)1?
NRL's efforts resulted in “...Making the use of
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teletypewriter practical” over radio circuics.!!
The major factor in the poor performance of
previous teleprinter systems had been due to
the action of the automatic volume control in
receivers which caused a large rise in the level
of the noise and actuated the teleprinter im-
properly during the “off” period of the “on”
and “off" keying method previously used in
continuous-wave  operation. NRL's  system
avoided this by using a continuously transmitted
signal, thus holding the received signal at con-
stant level. Furthermore NRL provided for re-
ceivers a frequency-shift converter to convert
the FSK signal for teleprinter operation, a
visual tuning indicator to permit precise setting
on the frequency channel, and a device for
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automatically starding the teleprinter. Modihca-
ton units were developed o adape substaatially
all high-frequency transmitters in service and
convert them to FSK. Coneractors were guided
in providing kies tor tield moditication.

The tirst U.S. transmission of photographs
over a radio circuit (facsimile) was accom-
plished in May 1922 by NRL staff members,
cooperating with Mr. C. Francis Jenkins, a
Washington, D.C., scientist.
made trom the Naval Laboratory at Anacostia
Statton NOF, SO0 o 1200 KHz, S00 wates) were
recerved and recorded at Mreo Jenkins' Labora-

Transmissions

tory, located in northwest Washington, D.(C.

The unique optical components, provided by
Mr. Jeankins, were rotating glass disks, the edges
ot which varied in thickness, torming prisms.
At the transmigter, a light beam passed through
the disks and the photographic platce and im-
pinged on a selentum cell. The light beam was
caused to scan the photograph horizontally by
one parr of disks and vertically by a second
parr. A similar oprical system ar the recetver,
synchromized  with  the  transmitting  system,
provided scanning of a photosensitive surtace
to reproduce the photograph. The signal pro-
duced by the seleaium cell modularted  the

transmutter  and,  correspondingly,  the  light

60834 (360)

THE FIRST ULS. FIRST TRANSMISSION OF PHOTOGRAPHS OVER A RADIO CIRCUTT (FACSIMILE) (192

An othaal demonstranon of cadio transmission of photographs was givea o the Clret ot the Bureaw of Fagineenng, RADM

N8 Robinson, on 17 Dec 1970 This was accomphished by tounder members of NRU collaboranvely with € Franon Jenkans,

with the optical components shown Fransmisvions were made trom the cquipment (NOEY (SO0 @ 1700 MEE Tocated at the

Anacosna Naval A Ntanon o a revenver across the aty of Washington

o

o
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beam at the receiver, to reconstruct the image.
On 12 Dec. 1922, this facsimile system was
demonstrated to the Director of Naval Com-
munications, RADM H. J. Ziegemeier, and the
Chief of the Bureau of Engineering, RADM §.
S. Robinson. On 2 Mar. 1923, photographs of
President W. G. Harding and the Secretary of
Commerce, Herbert C. Hoover, were transmitted
from NOF to the Evening Bulletin ?uilding,
Philadelphia, Pennsylvania, the first U.S. long-
distance facsimile radio transmission.!'4118
Later, after an experimental period in which
NRL participated, the Navy equipped certain
of its ship and shore stations with facsimile
equipment and has continued to use it for the
transmission of weather maps, photographs, line
drawings, and other graphic material.

Television

The first radio transmissions of visual images
of moving objects were made in 1923 by NRL
in cooperation with the Jenkins Laboratory
in Washingcon, D.C.}'%"'* The traasmissions,
on 550 kHz at 500 watts, were made from
NRL'’s station NOF to the Jenkins Laboratory,
where the moving images were displayed.
On 13 June 1925, this “pre-television” system
was demonstrated to the Secretary of the
Navy, then the Honorable Curtis Wilbur;
the Chief of the Bureau of Engineering,
RADM S. D. Robinson; and the Director of
NRL, then CAPT Paul Foley. Moving images
of a model windmill and a dancing doll were
displayed. Motion-picture films were also
transmitted. The quality of che reproduced
images was approximately 15 lines per inch.
At the transmitter, the moving images were
focused onto a ground-glass plate, which was
scanned by a scries of lenses mounted spirally
on the surface of a rapidly rotating disk. The
rotating lenses focused the picture elements,
in turn, onto a photocell to provide the signal.
At the receiver, a similar rotating-lens arrange-
ment caused a light beam, modulated by the
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signal, to scan a viewing screen to reproduce
the images.

NRL participated in a number of early adapta-
tions of television to serve Navy functions. One
application was in the guidance to targets of
assault drones used as guided missiles, described
in Chapter 5 (see also Ref. 7¢ in Chapter ).
Another was concerned with the provision of
an underwater search vehicle equipped with
television for assessing underwater damage to
ships and assisting deep-sea divers in salvage
operations. The vehicle was remotely controlled
from a surface ship (1947).11¢

NRL developed the first television sub-
marine periscope buoy for sea-surface observa-
tions by submarines submerged at great
depths (1952).'* This buoy, proposed to the
Joint Weapons Evaluation group in 1950, had
the objective of extending the surface observa-
tions function of the usual periscope to much
greater depths. A periscope-like optical sys-
tem was mounted on the top of the buoy and
extended to a television camera carried in the
body of the buoy. Observations with the remotely
controlled optical system could be made in
azimuth by continuous rotation of it in either
direction and in elevation from minus 10 degrees
to plus 45 degrees. An erect image was main-
tained on the television screen by the introduc-
tion of a rotatable dove prism in the system.
In scanning the field, 525 lines per frame inter-
laced and 30 frames per second were used. The
buoy was demonstrated aboard the Laboratory's
picket boat in the Chesapeake Bay in sea states
of one to three. The system had attractive po-
tential for special applications.

NRL developed a special television system
to provide, a means of locating and observing
objects on the ocean floor from surface ships
(1963).'*" This system was used for long periods
of time in water as deep as 8400 feet with an
installation on board the USNS GILLISS
(AGOR-4).

NRL developed the first satisfactory tele-
vision system for the observation, within a
submarine, of the performance of outboard
equipment (1964).'1t
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75417 (11)

UNDERWATER TELEVISION SYSTEM
The television system shown here installed aboard the USS TIRANTE was developed by NRL in 1964. It permits observation
of the performance of outboard equipment from within the submerged submarine while underway. Four television cameras can
be seen on deck about the experimental submarine communication buoy structure (see arrows).

The system eliminates a considerable quantity of
instrumentation otherwise required. The system
was first used in determining the performance of
NRL's towed radio-communication buoy, while
under development, during its "nesting" operation
in the deck of the submarine USS SEACAT (SS-
3199) while submerged (1964). It was also used for
this purpose on the submarine USS TRUTTA (SS-
421) during 1965. The system was most useful
whenever it was necessary to observe nesting of
such buoys.

Communication Circuit Multiplexing

Satisfactory quality was obtained in the high-
frequency band with facsimile when ionospheric
conditions were good, but when conditions be-
came unfavorable the quality was severely
reduced. The irregularities of the icnosphere

caused the incident energy of a signal element
to be refracted over several paths of varying
length, with correspondingly different delay
times. Some of the components of the original
one-millisecond signal were delayed as much as
four or more milliseconds.'® To avoid inter-
ference, acceptance of a new signal at the re-
ceiver had to await the arrival of all components
of a previous signal. The transmission time of a
standard weather map then became one hour, as
compared with the usual 20 minutes. To over-
come this difficulty, NRL developed a multiplex
system which was first to provide good quality
reproduction of facsimile consistently under
multipath conditions over high-frequency cir-
cuits (1948).'2* This multiplex system was also
first to provide satisfactory accuracy in tele-
printer operation at high speed under unfavor-
able ionospheric multipath conditions in the

i mr———-
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THE FIRST TELEVISION SUBMARINE PERISCOPE BUOY FOR SEA-SURFACE OBSERVATIONS BY

SUBMARINES SUBMERGED AT GREAT DEPTHS (1952)
This NRL-developed television system permitted observations in azimuth to 360 degrees and in elevation up to 45 degrees,
with full control within the submarine. Picture quality was equal to that of U.S. commercial television standards.

high-frequency band. It has been used exten-
sively in high-frequency teleprinter systems. In this
system, the amplitude-modulated facsimile out-
put was converted into quantized mark and space
type signals of one millisecond duration. Sequential
signal elements were commutated into eight prop-
erly spaced audio-frequency (2400 to 4500 cycles)
channels in such a way that each channel carried
one in eight of the sequential elements. Thus, the
channel signal elements were permitted to be of
eight-miliisecond duration, adequate to contend
with any ionospherically delayed signal component.
Similar, synchronized, multiplexing devices per-
forming these functions were provided for both

ends of the radio circuit. This system was given
extended trials over high-frequency long-distance
circuits such as that from Washington to San Fran-
cisco and was proven to give satisfactory facsimile
performance under multipath conditions. This mul-
tiplexing system permitted the transmission of 7 by
7-3/8 inch facsimile copy in seven minutes.

High-Frequency Single-Sideband System

To accompany the multiplex system just
described, the first high-frequency, single-
sideband system, providing a substantial
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increase in communication capacity through
radio-spectrum conservation with suitability
for shipboard operation, was developed under
NRL's leadership and guidance (1955).135.13¢
By suppressing one of the two sidebands pro-
duced by the modulation, and also by suppressing
the carrier, introducing it instead at the receiver,
specttum use can be reduced solely to that
required by the original signal. Concentration of
the available energy on one sideband provides
greater effectiveness in its use (9 dB). NRL
conducted a thorough investigation of the
problems encountered in using single-sideband
systems for ship-ship-shore communication and
the advantages to be had in their employment.
Several techniques were devised and included
in an experimental system intended to utilize
existing Navy continuous-wave transmitters and
receivers (1946-1952).127128 Early single-sideband
systems used means to perform the necessary
functions of such complexity and requiring such
exacting adjustment and highly skillful servicing
that they were impractical for Navy use aboard
ships. Furthermore, unacceptable signal distor-
tion occurred unless the receiver was tuned
precisely to the transmitter frequency. This
limitation required the transmitter to be con-
tinuously active, a situation which could not be
tolerated on shipboard. A major difficulty was
the lack of adequate precision in the frequency
control of transmitters and receivers. A precision
of about one part in 10® was tequired, but such
precision was not then available aboard ship.

NRL'’s work (to be described later) on highly
precise frequency standards and on frequency
synthesizers which could produce output fre-
quencies of the required accuracy on a decade
basis from a single crystal standard made
single-sideband operation feasible. The highly
precise frequency control also made available
advantages of single-sideband transmission
not otherwise possible, including low harmon-
ic and intermodulation distortion due to the
behavior of the ionospheric transmission medi-
um, unlimited circuit netting, so important in
task-force data and information exchange,
and far better circuit reliability. In che develop-
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ment and procurement of equipment incorpo-
rating the results of NRL's work, contractors
were guided and exctensive performance in-
vestigations were made to insure satisfactory
service use (1955-1963). The efforts led to equip-
ment capable of providing eight teleprinter
channels utilizing che same spectrum bandwidch
previously required by a single FSK teleprinter
channel of the conventional double-sideband
type. The equipment became identified as the
Models AN/WRT-2 (transmicter), AN/WRR-2
(receiver), and AN/URC-32 (transceiver),
thousands of which were obcained (1955-1968).
At least two equipments were installed on
smaller ships, with greater numbers on larger
ships. The single-sideband system superseded the
double-sideband type, and other milicary services
adopted such equipment, including the NRL ad-
vances. Commercial communication systems have
also greatly benefitted by NRL's work.

Communication Security

For many years, the Navy, to prevent the
extraction of the intelligence in messages being
transmitted over radio circuits, used a five-letter
code with letters transposed in accordance with
permutations established by complex “cipher”
patterns. Later the “encryption” process was
enhanced by the availability of electromechani-
cal devices operated from a typewriter-like
keyboard or a punched tape. The “key" of
these devices could be changed at frequent
intervals to reduce the probability of code
breaking. The encryption process introduced
considerable delay in transmission of messages,
which became a heavy burden at the principal
communication centers during World War 1L
As many as 100 especially qualified officers had
to be assigned to such centers to contend with
the traffic load.

Electronic Encryption System

An important advance in carrying out the
encryption function was made when NRL

B B AL S A ——




RADIO COMMUNICATION

1K

X ¢ -ﬂ L:

e

“ON-LINE" ELECTRONIC COMMUNICATION ENCRYPTION SYSTEM

This system was hrst to employ 4 random cade generator, the output ot which s combined clecironally with

the telewniter or “quantized” tacsionile signal to prevent the extraction of telligence i messages transsntted

over rahio circaits A the recever, a o siilar synchronized code generator permits automatic decoding The
sestem replaced the carlier manual enceyprion system, which required as many as 100 speaally tramned ofheers
at princpal communmication centers o contend wich the trathe load durning World War 1 The basic svstem,
developed by NRL (1947), although modified as improved components became available, was widely used by the several

military services

developed the first “on-line” electronic encryp-
tion system, which is generally basic to encryp-
tion systems (1947).}2%128 The system was placed
in operation on Navy transcontinental and trans-
oceanic trunk circuits and gave satisfactory per-

formance (1953). As improved components be-
came available, the basic system was broadly
modified to meet the needs of the several military
services. Instead of transposing the letters of the
message, this system transposes, in random
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fashion, the "mark” and “space” signal elements to
be transmitted. The work was first directed to pro-
vide cover in transmitting facsimile material. The
amplitude—modulated output obtained in scan-
ning the facsimile material was “quantized” to pro-
duce a “mark” and “space” type signal. This was com-
bined algebraically with the random output of a
code generator to produce the encoded signal to
be transmitted. The code generator employed a
number of continuously rotating disks scanned
photoelectrically. The disks had holes located
near their edges placed in angular positions
corresponding to the code key. As the disks
rotated, light beams passed through the holes
activating photo cells, the outputs of which
were combined electronically. The code-genera-
tor output was the binary sum of the signals
produced by the several disks. Additional disks
with holes located in various angular positions
were provided for changing the key. This method
of generating the random signal was modified by
employing binary digital “ring” circuits when
suitable binary magnetic storage elements
became available. The key could then be inserted
electronically in the “ring” circuit. A similar
code generator, synchronized with the generator
at the transmitter, was used for decoding at the
receiver.

Although intended at first to provide cover
for facsimile transmission, this security system
met an immediate need for adequate security
on Navy teleprinter circuits. Since the teleprincer
output was already quantized, it could readily
be combined with the random output of the code
generator. The code generator, designated the
AFAX-500, was procured in quantities through
contract. The generator, together with the mulei-
plex system previously described, provided the
Navy with secure, reliable, low-error-rate means
of transmission over long-distance high-frequency
circuits.

Cipher Key Quality

The cipher keys of crypto generators, which
comprise binary streams of digital elements,

75

must have adequate “randomness” to avoid the
discerning of any pattern which might lead to
code breaking. The Navy became concerned
about the security of the punched-paper-tape
cipher keys supplied by a central milicary
organization, which it used to produce the ran-
dom stream of elements (1950). The degree of
randomness had been determined by visual
inspection of the tapes, a method which did not
appear adequate to uncover possible weaknesses.
To provide a statistical basis for judging
security quality, NRL developed the first
statistical analyzer for determining the “ran-
domness” of punched-tape cipher keys (1952).
The use of this device uncovered many weak
keys and brought sbout substantial improve-
ment in the security of communication in the
several military services which relied upon
the keys.

The operational speed of the electromechanical
counters used in the first analyzer limited the
length of the cipher key that could be analyzed
and the depth of the analyzing process. The speed
was also inadequate to match the operational
speed of the magnetic binary digital type crypto
generator under development. As a further
step, the Laboratory developed the first
electronic real-time statistical analyzer, which
made thorough and rapid determination of
the randomness of security cipher keys
practical (1957).12%:13% The performance of
this key analyzer proved successful, and the
details of its design were made available to
other military organizations. This type of ana-
lyzer was widely accepted by the military
services, and it materially contributed to the qual-
ity of their secure communications. This analyzer
was based on modern seatistical technology applied
to modern electronic binary digital circuitry. A
measure of the probability of randomness was ob-
tained through autocorrelation, crosscorrelation,
and automatizing the routine and repetitive parts
of the statistical analysis of a time series.

Electronic Station Call Sign Encryptor

The practice of assigning call signs to ship and
shore stations for purpose of identity permits
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REAL-TIME STATISTICAL CIPHER “KEY" ANALYZER

The analyzer, developed by NRL, was firse to make thorough and rapid determination of the randomaess ot

security cipher "keys” practical For security of the intelhigence in messages berng transmitted over radio cirguies, a

high degree of candomaess s essential NRL'selec -omechanical model (199001 1s shown on the lefr and s binary

digital model (19971 on the right

assoctation of the density of communication
trathc with the individual stations. Under cer-
tain circumstances such association is of military
value to hostile forces. By changing the call
signs of stations in a random way, uncertainty
can be introduced to deceive the hostile interests.
To accomplish this, NRL developed the first
electronic station call-sign encryptor, which
included a novel matrix algebraic computer
technique using a prime number as a radix for the
alphanumeric series—letters plus numbers (1956).1%
This device was used successfully by the Navy in
regular operations over a period of several years at

N
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its Washington, D.C. radio-communication termi-
nal. It provided a 20-to-1 reduction in operational
manpower as compared with that required by the
mechanical devices previously used, and made call-
sign encryption practical.

Co:..,;romising Emanations

Communication systems, equipments, connect-
ing lines, or cables handling classified matter
may emit compromising emanations which can
be exploited through clandestine means, thus
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ELECTRONIC STATION CALL SIGN ENCRYPTOR

This encryptor was first to permut the random determination of radio-station call signs electroni-

cally, to introduce uncertainty of station identity and thus deceive hostile interests (NR1, 1950)

This NRIL-developed device was used successfully by the Navy in regular operations aver a period

of several vears

vitlating  security. The  emanations may  be
generated in electromagnetic, electric, magnetic,
or acoustic form and, due o associatton with
parts of systems handling “clear-text” classited
Matter, may  Contain variations representanve
ot this macter. These emanatons may bypass
cryptographic devices and appear 10 detecable
torm in the outputs of systems or may be dis-
semitnated by diverse means beyoand che security
perimeter. Investigations leading to the effec-
tive suppression of these emanations to avoid
compromise is an activity of concern notalone to
the Department of Defense but also other govern-
ment departments and offices. NRL has been a
pioneer in this field and has made many contribu-
tions to the various organizations.

Another example of unique activity in this field
is related to shielded cables, conduits, and ducts

used to pass classified matter. Emanations from
these information carriers, even though of ex-
tremely low energy level, may be subject to sur-
reptitious interception by various means. NRL was
first to develop adequate procedures to determine
the electromagnetic leakage from shielded non-
ferrous cables and magnetic leakage from ferrous
conduits and ducts. These procedures resulted in
standards widely used by organizations con-
cerned with secure communications (1965).!3 The
procedures for nonferrous cables cover the entire
radio-frequency spectrum. Those for ferrous con-
duits and ducts provided accurate means of deter-
mining magnetic attenuation at lower frequencies.

The Laboratory has conducted many investiga-
tions of communication systems which have led to
the correction of their security weaknesses. It has
provided new techniques to advance the capabili-
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ties of new security devices and to eliminate the
weaknesses of existing delinquent devices. It has
furnished critical technical information for procure-
ment specifications for new security equipment and
has provided guidance in the preparation of federal
standards used by all government departments. The
results obtained have had significant impact on the
security of communication systems used through-
out the world by the varibus government depart-
ments. NRL's specialized expertise, acquired over
an extended period, brought wide recognition as an
authority in this field.

High-Frequency Antennas

The relatively small size of high-frequency
antennas, as compared with cthe size required at
the lower frequencies, was an important tactor
in meeting the need tor gready increased radio-
communication capacity of Naval ships. A con-
siderable number of high-trequency antennas,
half-wave  dipoles, be
modated aboard ship without interaction, whereas

usually could accom-
only very tew lower frequency antennas could be
installed in the himited space avatlable However,
during World War 11, the number of high-
frequency circutts used tor command tuncoions
increased to such an extent that antenna conges-
ton on shipboard became 4 serious problem
The communication ships ( Type AGCY serving
command had so many antennas that a ciccunt
adiustment of any one of them would so reace
upon the others as 0 make rapid changes in
trequency impractical To remedy this situation
NRL sought to provide an antenna structure
having broad frequency radsating charactenistics,
so that a single antenna could accemmodate
(EANSMIINNG  OF  fECCIVING  equipments
operanng The
primanly one of transpussion, since the labora

several

simultancously problem  was
tory had developed fairrly effective means tor
multiple reception using an apeniodic antenna
(1922192 which had contnued 1n use through-

out the Navy However, no transnutang antenna

having efhcient radiating characteristics over
the high-frequency band without serious gaps
was available. Through an investigation of
various antenna scructures, NRL found chat two
concentric cylindrical wbes, when properly
arranged and proportioned, could provide a 3-to-
I frequency coverage with a voltage-standing-
wave ratio not exceeding 3 to 1 (known as the
sleeve antenna).!®13¢ Although previously ap-
plied as a single antenna on the Guppy type sub-
marine, the SS 350 (1948), the first extensive
installation on the broadband sleeve antenna deve
loped by NRL was made on the task fleet flagship
USS NORTHAMPTON (1953).' Ten antennas
(five cransmitting, five receiving) of the new de-
sign replaced 50 of the earlier type and in three
sizes provided continuous effective coverage of
the high-frequency band. The new broadband an-
tenna was subsequently applied to destroyers, air-
craft carciers, cruisers, and other classes of ships
with NRL providing the necessary technical infor-
mation and guidance. '™ This antenna has also
found extensive use at shore stations throughout
the world. New applications are continually arising.

Integration of Ship Superstructure
in HF Antenna Systems

Large parts of the superstructure of ships, such
as a smohe stack, adrcent o high-frequency
antennas have marked adverse effect on therr
pertormance and cause gaps i azimuth coverage
NRL determuned that by aincluding large super
structure elements 1w the antenna svstem, with
proper design, cffective coverage trom 0w o
MHz could be obraned This lower part of the
high trequency band requires che largese physical
structure, so the use of existing structures not
dedck but
avords anmuth blocking, thus turnimg a habihey

only  conserves valuable space also
into an asset The “conming tower of the Guppy
tvpe submarioe, USS 380, was included o s
high trequency antenna system in the teseapphica

tron of this concept (1948Y The inclusion of a
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A BROADBAND ANTtNNA
B BROADBAND ANTENNA INTEGRATED WITH ST ACK

HIGH FRFQUENCY BROADBAND ANTENNA INSTALLATION ON THE USS NORTHAMPTON

Thistustextensive istallabion ona Navy shipcomprised ten sieeve antennas (hive transmtung. tive reveniog developed by NRL 10N s

These broadband antennas replaced S0 ot the earhier narrowband types and provided conainuons ettectine coverage of the high trequena

bamd The antennas are seen as vertally arranged avhindecad strucrures The antenna of the world s most powertul radar gt that tme

AN PN hewn atop the center tower NRIL developed costiaal components of thas radar On the photo, the letter A indicates s

broadband antenna The leter B pomts out a broadband antenna mtegrated with the stack

ship's steck as part of a high-frequency antenna
system was first accomplished by NRL on the
USS 693 Class of destroyers (1949).'% Both for-
ward and ate stacks of these ships were used as the
sleeve sections of two of the antennas. The firstin-
stallation ona cruiser class of vessel was on the USS
NORTHAMPTON (1953 1% J¢s gpplication to
other ships continues, utalizing such parts of the
superstructure as gun turrets ad deck houses

Conical Monopole Antenna

NRL developed the conical monopole
antenna to meet the requirement tor a high.
frequency antenna of low height to minimize
obstruction to aircraft in landing at Naval
Air Stations (1957). Hundreds of these an-
tennas were installed at Air Stations, both
Navy and Air Force. throughout the world.
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THE "CONTCAL-MONOPOLY” HIGH-FRFQUENCY BROADBAND ANTENNA

This tvpe of soteana was desiened by NRE TS 7o monnnre wrcrat e faading obserccion through low herghrdesien The meral

e suppore mast s grounded oo aiow the tocation ot arccrate obseructon warmng hches at e ops with power e chiough the

stroatute without the complivaton of an solaton cranstormer Hundreds of these antennas have been anvalled throughour the

wornd At e stations amd commumaation stacons of the several nulitaes senmvices

Above s shown an asaallacon at the Naval

A Seanon, Tacksonwlle, Flornda, operatiag i the Do 8 Mz rance

This antenna comprises a number of radiating ele-
ments arranged around and connected o the wp
The

extend outward and dowanward 0 4 powac st

of a conducting support pole clements
below the (evel of the midpoine of the pole,
and then downward and inward o a connecning
ring about the base ot the pole. Connecting
cross-members excend tfrom the midpoint of the
pole outward to the radiating members to torm
an impedance transformer This transformer
provides an adequate impedance match for the
shortened antenna at the lower end of its fre-
quency band. The antenna s fed at a poine
between the ring and the pole The antenna

provides a0 ool trequenoy coverage with
voltage standiog wave ratio nor exceeding ¥ o
1% The desten of the monopole anteana per
mits power to be ted through s grounded base
ang structure  to arrcraft obstruction warning
Lights ot the top of the pole without the complica
nor ot 4 high trequency isolanon transtormer

required with other antenna designs

Conical Monocone Antenna

On some types of vessels the Jower part ot the

sleeve antenna structure was tound o be ot such
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size as to obstruct vision in docking. After
further investigation, NRL developed the
conical monocone antenna, which avoided the
vision-obstruction difficulty (1959). The
monocone antenna was firse installed on the
USS OBSERVATION ISLAND (1959). This

sntenna received wide acceptance, and a grest
variety of new applications were found. This an-
tenna comprised four sloping-wire radiating ele-
ments, supported and fed from the top of a central
mast. An equal number of impedance-matching
wires are disposed beneath the radiating elements.

THE “CONICAL-MONOCONE” HIGH-FREQUENCY BROADBAND ANTENNA
This antenna was developed by NRL (1959) to minimize visual obstruction aboard ship caused by the structure
of certain types of broadband antennas. A 48-to-1 scale model of the USS NORTHAMPTON is shown, with two
sections of this type of antenna (upper 2 to 6 MHz, lower 6 to 8 MHz). It comprises four sloping-wire radiating
elements for each frequency band, supported by a central mast. Three pyramidal sections are feasible for more
complete coverage of the high-frequency band. This type of antenna has been applied 1o several classes of Naval

vessels.
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The antenns structure, when properly propor-
tioned, provides coverage over a frequency range of
3 to 1 atany point in the high-frequency band, with
a voltage standing-wave ratio not exceeding 3 to 1,140
This antenna lends icself to the stacking of sections,
so that with three sections, the lowest frequency
section encompassing the other two, coverage of
the entire high-frequency band (2-30 MHz) is feasi-
ble, and valuable deck space is conserved.

High-Frequency Shipboard Antenna
Radistion Characteristics

To preserve the broadband and azimuth radia-
tion characteristics of antennas, their placement
and that of other structural elements required
aboard ship must be arranged to minimize inter-
action. During World War 1I, to improve
antenna performance, the Laboratory made
azimuth radiation pattern measurements of
antenna installations on nearly 100 ships of
various classes, including battleships, aircraft
carriers, and communication ships (AGC
class). These ships, just commissioned or
overhauled, were sent to a point offshore at
the Laboratory’s Chesapeske Bay site to have
the Laboratory assess the performance of their
entire electronic systems before proceeding
to their operational missions. The Laboratory
also made such improvements as were possible
in the time allocated. The antenna-pattern
measurements were made by having the ships
circle buoys anchored in the Bay, while instru-
mentation on shore made measurements, or by
having a small craft carrying instrumentation
circle the ship. The measurements disclosed many
objectionable “nulls” in the patterns. The prob-
lem of making the necessary changes was found
so involved that only limited adjustments of
antennas could be made in the time available.

An NRL improvement in confirming shipboard
installations utilizes a helicopter, with instrumenta-
tion suspended below and at sufficient distance to
avoid field distortion. Ships can be circled quickly,
and by making measurements at various altitudes,
elevation patterns can be obtained. This method of
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confirmation was first used on the USS NORTH-
HAMPTON (1967).

To impeove the shipboard antenna-design
procedure, the Laboratory devised a model
technique through which scaled models of
antennas and ships were subjected to measure-
ments to determine the best antenna place-
ment configuration (1948). The Laboratory
has used the model method to provide com-
plete high-frequency antenna suits for many
classes of Navy ships, including command
ships, aircraft carriers, guided-mimile ships
{Type DLG), cruisers, mine sweepers, and
support ships. Broad application was possible.
The ship models included the various structural
elements influencing antenna characteristics and
were mounted on a flat metallic surface simulating
the sea. Changes in models based on the measure-
ments could be made quickly and easily, expediting
the antenna placement design. At firse, scale factors
up to 120 to 1 were used. Later, to provide greater
design accuracy the model size was increased so as
to lower the scale factor to a maximum of 50 to 1.
The arrangement resulting from the model work
was confirmed by measurements on 2 full-scale
installation aboard the particular ship for which it
was designed.

The model technique has given excellent
results, the performance of final shipboard
installations corresponding quite closely to that
of the models. It was first applied to the Guppy-
type submarine (SS 350), in which the conning-
tower structure was used as the sleeve section of
a sleeve antenna (1948).14! The structure was
modelled with a scale factor of 24 to 1. A stand-
ing-wave ratio of better than 3 to 1 was obtained
over a frequency range of 2.6 to 1 with the
resulting antenna.

High-Frequency Antenna Multiplexing

In using several transmitters and/or receivers
simultaneously on a common broadband antenna,
coupling circuits must be provided which will
insure proper impedance match for the efficient
transfer of energy and adequate isolation to
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THE FIRST HIGH-FREQUENCY ANTENNA MODEL FACILITY

This facility was developed by NRL (1948) to accelerate the advance of antenna design. A 48-to-1 scalemodel of the USS
NORTHAMPTON, with high-frequency sleeve antennas, is shown on a rotating platform in the center of an 18 by 18 foot
ground screen. The antennas were driven from a generator below the platform, and the measurement probe was located in the
structure to the extreme left on the screen. The measurement equipment was placed in the room below. This facility, located
on the roof of NRL building 16, was the forerunner of a series of model facilities of increased capability. The model technique
has been used in the development of antenna suits on many classes and types of Naval vessels.

NR1's PRESENT HIGH-FREQUENCY ANTENNA MODEL FACILITY

This facility, developed by NRL (1967), is the largest in the United States. It is large enough to permit the use of models of adequate physical
size and scale factor necessary for accurate measurements. It is the only facility adequately to determine the performance of wide-aperture
antenna models. The facility comprises a 1000-foot-diameter ground screen, the center of which contains a turntable 15 feet indiameter. A
48-t0-1 scale model of the cype APD Command (or transport) ship is shown on the turntable. The turntable forms part of the roof of an
underground building (34 x 34 x 9 feet high) which houses the messuring equipment and operating personnel. Measurement probes are
located at appropriate points just above the ground screen. The screen is of such design and size as to minimize reflections from its edge,
which would cause serious inaccurscies in measurements.
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svoid interactions among equipments. Minimum
channe! spacing to allow the maximum number
of communication channels and minimum energy
loss in coupling nerworks are of importance.

Transmitter Multiplexing

The transmitter multiplexing problem s
particularly critical, since high power in coupling
circuit components is attended with the genera-
tion of heat, which may be difficult to dissipate,
and high voltage, which may cause breakdown.
Early work on this problem resulted in a filter
technique which permitted the operation of
three lower frequency transmitters on one
antenna for the first time (1922).142 This technique
was first applied to the high-frequency band using
the Models TU (200 to 400 kHz) and TAF (2 to
18.1 MHz) transmitters (1930).142 It was demon-
strated on the USS TEXAS with the Models TO
(0.5 t0 1.5 MHz) and TV (2 to 3 MHz) transmitters
(1930) and applied later on the USS SARATOGA
and USS DETROIT (1931).14 The technique was

incorporated in the Model XZ antenna diplex cou-
pling system and applied to other ships (1932).14%
‘The technique, however, required quite wide separs-
tion between frequency channels and had high effi-
ciency only for the lower frequency transmitter.
Because of complexity in making adjustments, it
was limited in use to two transmitters on a common
antenna in shipboard applications.

In later work, the Laboratory was first to
devise a trsnsmission line-series ocoupling
technique by means of which transmicters
were coupled at intervals along a concentric
transmission line to its inner conductor
through small openings in its outer conductor
(1946).146 Antenna multicouplers employing this
technique became standard equipment in s va-
riety of shipboard installations (AN/SRA-13, 14,
15, 16). For the high-frequency band, low-loss res-
onant circuits connected to the transmitter were
arranged to couple to loops inserted in series with
the inner conductor of the transmission line. With
this technique, four high-frequency transmicters
could be operated on a common antenna with a
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HIGH-FREQUENCY TRANSMITTER MULTICOUPLERS " .,
These multicouplers incorporating an NRL-developed lechn.ique were first to permit the simultaneous operation of four trans- "—';*ef,l
mitters on a common antenns (1939). They provided frequency channel isolation of 20 dB at 10 percent frequency separstion. 5

In 1964 they were modified by NRL to permis the operation of eight transmitters with 40 dB isolation at 5 percent frequency
separation. Left to right ace the Models AN/SRA-13, 14, 15, and 16.
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frequency separation of 10 percent, an isolstion of
20 dB, and a nominal power loss of 1 dB (1950).1¢7
This isolation was adequate to prevent interaction
between transmiteers. Multicouplers incorporating
the transmission-line-coupling :ichnique were first
inscalled on the submarine USS IREX using three
high-frequency transmitters (1950).1% An exten-
sive installation of mulcicouplers employing the

ique was made on the USS NORTHAMPTON
(1953).19 These couplers permitted the use of four
transmitters on each of five broadband antennas
and gave coverage of the entire high-frequency
bend.

A serious difficulty was encountered in deter-
mining adjustments which would provide proper
impedance match between the transmicters and
the antenns. This problem was solved by de-
vising a reflectometer which was inserted in
each of the transmission lines connecting the
transmitters to their respective coupling units
(1947).1% This reflectometer comprised a short
wire placed parallel and close to the inner
conductor of the transmission line. The wire
was srranged so that the voltages caused in it
due to inductive and capacitive couplings by
the outward flowing energy were balanced. This
device permitted sensing the reflected energy,
which was of reversed phase with the inductive
coupling but not with the capacitive coupling.
A microammeter and diode connected to the
short wire permitted observation of the amount
of reflected energy and adjustment of impedance
to reduce this energy to a minimum.

Voltage breakdown between the surfaces of
varisble air capacitors used to tune the resonant
circuits of multicouplers was a further difficuley
encountered in their development. The spacing
of the surfaces could not be increased without
incressing physical size beyond that permissible
st the operating frequency. To overcome this
difficulty NRL, with the cooperation of a con-
tractor ( Jennings Co.), developed a high-power,
vacuum varisble capacitor using a bellows
mechanism to provide the variation of capacitance
without disturbing the vacuum seal (1949). This
scructure permicted close spacing of surfaces
with corresponding compactness and a capability
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of withstanding high voltage. The surfaces of
the capacitor were 30 contoured as to minimise
losses. This vacuum cype of varisble capacitor
was first used in the high-frequency multicoupler
of the USS NORTHAMPTON installation (pre-
viously described) at a 1/2.kW power level. A
capacitor of further improved design was in-
cluded in the NRLdeveloped multicoupler
AN/FRA-49 (V) which permitted operstion,
for the first time, at the 10-kW level in the
2 t0 6 and 5 to 15 MHz bands. This type of
multicoupler was first installed at the Naval
Radio Station, Annapolis, Maryland, where
three 10-kW cransmitters were operated on one
antenns (1956).18! Subsequently, it was insealled
at other shore stations. A 10-kW multicoupler
capability in the 10 c0 30 MHz band was firse
ateained by employing a coaxial transmission
line type of resonator in combination with the
new capacitor. This capability was first provided
the communication ship USS ANNAPOLIS
(1964).12 The vacuum varisble capacitor found
wide use in various applications.

Doubling the number of transmitters
which could be opersted on a common an-
tenna was made possible through NRL's
development of a multicoupler with dual-
mesh resonant circuitry and a combining
network which provides impedance com-
pensation (1959).18%3 With this new multi-
coupler, eight transmitters could be accom-
modated on one antenna. The isolation between
channels was also doubled to 40 dB, with a
frequency separation of 3 percent. The insertion
loss was nominally 2 dB. Previously developed
multicouplers AN/SRA-13 and AN/SRA-14
(1/2 kW) were modified to include this new
combining circuitry to obtain the eight-channel
performance.!8188 Inicial installations of these
were made on board the USS ESTES (AN/SRA-
14) (1964) and the USS NORTHAMPTON (AN/
SRA-13) (1965). Ten-kilowatt multicouplers result-
ing from this work (AN/SRA-35, 36, 37) were
procured (Naval Gun Pactory, Washington, D.C.)
and first installed on the communications ships
USS WRIGHT (CC-2) (1963). The AN/SRA-S6,
57, and 38 multicouplers for 1-kW operation util-
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ized the new circuitry, which was useful in multi-
coupler design.

Receiver Multiplexing

Prior to 1923, radio reception aboard ship
simultaneously with transmission was generally
unsatisfactory due to the interference caused by
spark and arc cransmitters. The elimination of
these types of transmitters was an important step
in making simultaneous operation possible.
Another important step was the Navy's decision,
based on NRL reception work, to locate ship-
board reception facilities forward and trans-
mitting facilities aft, which provided consider-
able isolation of the two functions. Partial
separation of these facilities was first accom-
plished on the battleship USS WYOMING, then
the flagship of the scouting fleet (1923). A more
comprehensive separation was next made on
the battleship USS COLORADO. The arrange-
ment was adopted and specified in the Navy's
standard plans for ship installations (1923).1%

Lsboratory staff members prior to their
transfer to NRL devised a “coupling tube-
resistor network” system for receiver multi-
plexing with which up to eight receivers
could be operated simultaneously on one
aperiodic antenna without interaction
(1922).187 This system was installed on the
USS WYOMING and successfully demon-
strated by NRL duriag fleec maneuvers in
the Caribbean Sea and in Pacific waters in
the early part of 1923. In view of this demon-
stration the Navy issued standard plans for
the installation of the system specifying eight
receivers on the larger ships.!8® This receiver
multiplexing system performed acceptably at
the lower frequencies and also in the high-
frequency band as che latter came into general
Navy use. The system found extensive applica-
tion throughout the service and continued to be
used long after World War I1.

In recent years the Navy's requirements for
ship communication channels had greatly in-
creased, necessitating the closer spacing of
receiver channels with respect to each other and

also with respect to local transmitting channels.
This, together with increased cransmitter power
level, made imperative much grester selectivity
and linearity in multicouplers. While boch
transmitters and receivers can be satisfactorily
operated simultaneously on the same antenna at
low power, the high transmicter power used on
shipboard makes the isolation of 20 dB and
more, secured by proper spacing of transmitting
and receiving antenna, of considersbie value.
However, in spite of this isolation, reliance
must be placed heavily on the performance of
multicouplers to avoid receiver intermodulation
and injury to components which may resul¢ from
the several hundred volts likely to be induced
in the receiver system during transmission.

The first substantial step in advancing re-
ceiver multiplexing performance, over that
of the early coupling tube-resistance network
system, was the result of NRL's adaptation of
its new multi-mesh resonant circuitry tech-
nique, previously developed for transmission.
Its use in receiver multicouplers provided
40 dB isolation at S percent frequency specing
from an adjacent transmitter chennel, and
made possible accommodation of up to ten
receivers on one antenns. NRL developed
multicouplers including this technique which
were designated the CU-1573 (2 0o 6 MHz2),
CU-1574 (6 to 18 MHz), and CU-1573 (10 to
30 MHz) (1961).1%® First installations were made
on shore at US. Naval Communication Station,
Keflavik, Iceland (1961) and on the missile ship
USS NEWPORT NEWS (1963).

The next important step for multicouplers
was NRL's provision of s terminated transmission
line-combining network technique which per-
mitted up to 20 receivers to be used on a single
antenna (1966).1% Multicouplers utilizing this tech-
aique, such as the AN/SRA-138, 39, 40, 49, and 50,
were obtained under formal procurement for wide
Navy use (Pickard and Burns). A third step involved
NRL's development of radio-frequency energy-
level-sensing and fast-acting overlosd devices and
their embodiment in multicoupler input circuits
(1961).199,161 Thege devices cause the receiver input
circuies to be isolated when induced voltages from
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HIGH-FREQUENCY RECEIVER ANTENNA MULTICOUPLER

This multicoupler, developed by NRL (1961), provided a substantial
advancement in receiver multiplexing. Its use permits up to ten receivers
to be accommodated on a common antenna, with 40 dB isolation at $ per-
cent frequency separation from adjacent transmitting channels (types CU-
1573, 2 1o 6 MHz; CU-1574, 6 to 18 MHz; CU-1575, 10 1o 30 MH2).
This multicoupler has been widely used in shore and shipboard installa-

tons.
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transmitters reach a level of about one volt, thus
protecting the receiver system against injury. The
devices also provide automatic restoration of opera-
tion when the voltages are removed. Through
these steps, in combination, NRL provided the
first receiver multicoupler system to accommo-
date up to 20 receiver channels on one sntenna
having 40 dB isolation at S-percent frequency
spacing with overload protection (1964). The
techniques devised were proven to be of value in
receiver multicouplers.

.

High-Frequency Communication from
Submerged Submarines '

The high-frequency band has been the only
means of long-distance communication used by
submarines since NRL demonstrated its prac-
ticality for such use in 1928. Since the attenua-
tion in seawater is very high at these frequencies,
the submarine’s antenna must be exposed above
the surface of the sea for effective radiation. With
the antenna extended above the periscope and
supported from it, communication could be
maintained while running at periscope depth
with low probability of detection by an enemy.™
However, in performing certain functions
submarines must be able to communicate on high
frequencies from greater depths. In dealing with
the problem of communication from submarines
in submerged positions, NRL was first to devise
a towsble communication buoy, releasable by a
submarine while underway, carrying an sncenna
which was maintained in a vertical position just
sbove the surface of the sea (1957). This device
was further improved by NRL and was widely
used. The tow cable was arranged to provide a
means of transmitting the high-frequency energy
between the antenna and the transmicting and
receiving equipment located within the submarine.
Early models of this communication buoy were
procured in sufficient quantity to equip a squadron
of submarines, the USS BLENNY receiving the
first installation (1957). In tests at sea, satis-
factory communications were established from
ship to ship and ship to sircrafe. The buoy displayed

ho x
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FIRST TOWABLE HIGH-FREQUENCY
SUBMARINE COMMUNICATION BUOY

This NRL-developed buoy was first 10 permit high-frequency
communication from submarines while submerged at depths
down o 110 feet and while running at speeds up to 8 knots.
It also had UHF communication capability. The buoy is shown
installed on the submarine USS BLENNY (1937).

desirable hydrodynamic properties while being
towed at eight knots from a depth of 110 feet. It was
found very difficult to spot the buoy visually from
the air.

In the firse trials, difficulties were experienced
in releasing and retrieving the buoy due to the
lack of a suitable winch-buoy nesting mecha-
nism.’® A winch-buoy assembly was designed
which permitted the buoy to be streamed and
retrieved satisfactorily from the submarine
deck. A remote-control system including a
buoy-depth indicator was provided which allowed
the buoy to be placed in proper position relative
to the sea surface from the radio room. The

88

-




s

RADIO COMMUNICATION

system provided compensation for variations in
sea state, changes in depth and speed of the sub-
marine, and the maintenance of proper cable
tension to avoid failure and loss of the buoy
(1960)38 This communication buoy system be-
came known as the AN/BRA-10 (1962). Its
operational effectiveness was strikingly demon-
strated aboard the USS CAVELLA during the
Cuban crisis (1962). In maintaining a sonar
barrier at proper submersion depth, the sub-
marines not equipped with the buoy had to sur-

75605 (4)

IMPROVED TOWABLE HIGH-FREQUENCY
COMMUNICATION BUOY SYSTEM

This buoy system (AN/BRA-10), developed by NRL
(1960), permitted full control from the submarine’s
radio room while underway. It is shown installed on
the USS CAVELLA, nested in its winch mechanism,
from which it could readily be streamed, retrieved,
and maintained at proper submergence depth. Its
operational effectiveness was strikingly demonstraced
aboard the USS CAVELLA during the Cuban crisis
(1962). This buoy also had an IFF capability, a UHF
communication capability, and a VLF reception
capability.
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face periodically to make their reports. This
required relief by another submarine, to avoid a
gap in the screen. The USS CAVELLA, equipped
with the buoy, was able to maintain continuous
surveillance, reporting whenever necessary.

Certain operational modes of submerged sub-
marines require high-frequency communication
from greater depths while underway at higher
speeds. Substantially increasing the length of the
tow cable would cause such loss in the transmission
of power as to make it impractical to leave the
transmicting and receiving equipment within the
submarine. To obviate this difficulty, active trans-
ceiver components were designed of sufficiently
small size, light weight, and flexibility as to make
possible cheir inclusion in the body of the buoy.
Remote controls operable from the radio room
were provided for such functions as frequency chan-
nel selection, fine tuning, modulation selection, and
transmit-receive switching.

To contend with higher speeds and greater
depths, the displacement type buoy formerly
used was replaced by a “dynamic winged” buoy
designed with a high lift-to-drag ratio. Placing
the transceiver components in the buoy per-
mitted a reduction in the diameter of its tow
cable, with correspondingly lower cable drag.
A fairing of polyurethane filaments was arranged
along the tow cable so that voids in the water
stream are filled, further reducing the drag and
also minimizing vibration and wake. The new
buoy system was designated the AN/BRA-27.
In trials on the submarines USS SEACAT,
TRUTTA, and TIRANTE this buoy system
proved to have excellent hydrodynamic perfor-
mance when towed at the higher speeds from
greater depths, maintaining satisfactory seability in
a2 state 4 sea (1963-1967).16¢ Later models were
improved to reduce drag effects and proved their
efficacy in service.

Transosonde System

Prior to 1952, vast ocean areas were without
weather-data-collection facilities adequate to
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“DYNAMIC-WINGED” TOWABLE HIGH-FREQUENCY SUBMARINE
COMMUNICATION BUOY SYSTEM

This "dynamic-winged” type buoy (AN/BRA-27) replaced the former displacement type. It could be towed at
higher speeds and at grester submersion depths. It was fist to have the transceiver components located in the
buoy body, resuiting in reduced radio-frequency loss and increased communication performance. Developed by
NRL (1963-1967), a model is shown installed on the USS ATULE. This buoy slso had a capability for IFF, for
UHF communication, and for VLF reception.

90




RADIO COMMUNICATION

provide reliable weather forecasts necessary
for the determination of flight plans for the
rapidly increasing aircraft activities over these
areas. In forecasting, reliance had to be placed
on the projection of data collected in adjoining
areas and the historical knowledge of the develop-
ment and movement of storm centers within
these areas. The rapidly changing nature of
weather patterns often rendered such forecasts
unreliable and misleading. To improve the
accuracy of weather forecasts, the Laboratory
developed the “Transosonde” system (trans-
oceanic sounding), in which a balloon-borne
high-frequency transmitter provided signals
for tracking the equipment in flight by a
network of radio direction-finding stations,
and means for the transmission of telemetered
meteorological data from sensors on the flight
equipment (1952). NRL's Transosonde system
provided an important pioneering step in
advancing means to deal with large-scale
weather patterns. Worldwide interest in the
use of the system prevails. In one effort,
horizontal balloon flights, patterned on NRL's
system, are currently being made in the region
of the southern hemisphere by the National
Center for Atmospheric Research at Boulder,
Colorado, to collect data in the conduct of
advanced meteorological investigations,16®

In operations, with the Transosonde system,
the equipment was floated across inaccessible
ocean areas on a constant-pressure surface in
the upper air currents, periodically reporting
the data. Wind speed and direction were derived
from the positioning data obtained by the track-
ing network. Other meteorological parameters
were telemetered to the ground stations as code
modulations of the radio signals. The feasibility
of this system was first demonstrated in a series
of ten transcontinental flights from Tillamook,
Oregon (1952).18 These flights, made at a 300-
millibar constant-pressure level (approximatcely
30,000 feet), ranged up to 130 hours in duration
and 7000 miles in distance. Experience with
these flights and others,'®” with modifications of
the equipment, served to guide NRL's develop-
ment of a system which attained operational status
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in 1957 when the Navy began launchings of Tran-
sosonde equipment from Japan.

This first operational system comprised a 39-
foot-diameter polyethylene, tear-shaped, helium-
filled balloon with a gondola attached immedi-
ately below containing a 50-watt, crystal-con-
trolled, high-frequency radio transmitter, battery
power supply, and meteorological equipment.
The antenna was suspended vertically below the
gondola with tuned wave traps spaced along the
antenna to provide proper resonant lengths for
each of the three transmitting channels. Trans-
missions were made every one to two hours for
a period of about five minutes successively on
three frequencies in the band 6 to 18 MHz, to
give both day and night coverage at various
distances. Flight altitude was maintained at
30,000 = 1000 feet through the use of air-
pressure sensors which controlled the release
of solid iron shot ballast from a bin in the
gondola. The gondola was maintained within
acceptable temperature range through suitable
thermal insulation. The equipment weighed a
total of approximately 600 pounds, with five
cubic feet of instrumeantation volume.

The Transosonde system went into operational
status during the period June 1957 to May 1959,
with a total of approximately 250 flights from
Japan. Most of these flights were successful
and passed over the Pacific Ocean and parts of
the North American continent, some reaching
the Arctic area. Up to 18 radio direction-finding
stations located in the United States (two in
Alaska, one in Hawaii) made the radio bearing
observations and recorded the data. The data
collected were utilized by both the Navy and the
U.S. Weacher Bureau in the preparation of
weather maps regularly issued. The data collected
over the period were subjected to extensive
analysis and has served to provide a substantial
gain in the understanding of large-scale upper-
air circulation. 16

To avoid the hazard which the weight and size
of this Transosonde equipment might impose if
collision with aircraft occurred, equipment
flights were made at 30,000 feet, an altitude
above the normal aircraft flight lanes at that
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e — 60834 {365)

THE TRANSOSONDE SYSTEM

The Transosonde (trans-oceanic sounding) system was developed by NRL for high-altitude data gathering in those parts of the
world otherwise relatively inaccessible to standard meteorological instrumentation, particularly over extensive ocean areas.
The photograph at the left shows a launching from Tillamook, Oregon (1952), of an early Transosonde. The balloon carried
meteorological sensing instruments and high-frequency radio transmitting equipment. The latter provided signals for tracking
by a network of radio direction-finding stations and for the transmission of the meteorological data to these stations. A series
of ten transcontinental flights at 30,000 feet altitude, ranging to 7000 miles, proved the system’s feasibility. The Transosonde
shown to the right is being launched from Fallon, Nevada, for the purpose of training Navy personnel in its use, preparatory to
a series of launchings from Japan (1956). The equipment comprised a 39-foot-diameter polyethylene, helium-filled balloon with
a gondola carrying a $0-watt, crystal-controlled, high-frequency transmitter, battery power supply, and meteorological sensing
devices.
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75514 (3)

TRANSOSONDE SYSTEM-OPERATIONAL LAUNCHINGS

Several flight paths are shown here which typify the 250 flights launched from Japan during the period from June

1957 to May 1959,

time. The advent of jet aircrafc flying at in-
creasingly higher altitudes led to the develop-
ment of equipment of greatly reduced weight and
size which could be used in regular aircraft
flight lanes without causing serious® injury if
hit.'® The equipment evolved consisted of a
spherical plastic balloon (12.5 feet diameter,
weight about 20 pounds) and two thermally
insulated, plastic-enclosed instrument packages
(weight six pounds each) hung below the balloon,
with considerable space between them. The
radio transmitter provided an output of about
30 watts on two frequencies (approximately
6.7 and 15 MHz) for 50 transmission periods,

each of three minutes duration. Ambient pres-
sure, ambient air temperature, and balloon
super-pressure were monitored. The develop-
ment of plastic material (Mylar), used for the
balloon surface, having sufficient strength to
withstand the stresses involved in the use of a
fully pressurized container, permitted the main-
tenance of the proper flight altitude without the
shot-ballast system required with the earlier
open-appendix (nonpressurized) balloon. A series
of 50 experimental flights with this lighter weight
Transosonde equipment were carried out over
the Acdlantic Ocean, with launchings from
Webster Field, Maryland. A high percentage of
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these flights were successful (1959-1961). To
avoid invading airspace over the European
continent, the flight duration was restricted to a
maximum of 100 hours (four days). These flights
demonstrated that when properly utilized, this
equipment offers a low-cost, reliable means of
meteorological data collection for extended
periods over large areas of the world.

COMMUNICATION IN THE
VERY-HIGH AND ULTRA-HIGH
FREQUENCY BANDS

Introduction

In exploring the utility of the frequencies
above the high-frequency band (2 1o 30 MHz)

LIGHTWEIGHT TRANSOSONDE SYSTEM

Fifty experimental flights over the Atlantic were made with
this system, comprising a 12.5-foot (20-pound) balloon and
two instrument packages (6 pounds each). It was developed
(NRL, 1959-1961) to avoid serious hazard should collision
with an aircraft occur.

for short-range communication, experiments at
frequencies as high as 300 MHz using vacuum-
tube transmitters and receivers were carried out
by NRL staff members prior to moving to NRL's
present site (1922)17 The techniques then
available for power generation, frequency con-
trol, modulation, and reception limited the per-
formance of the system, which was not sufhiciently
attractive for Naval operational application. In
continuing the exploratory work at NRL, the
upper-frequency limits of the ionosphere were
probed to determine the extent of its effective-
ness in providing long-distance communication
(1923-1936).11,171°178 [t was found that, while
at times some energy was returned to earth at
frequencies as high as 60 MHz, transmission
generally became very erratic and difficult to
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60834 (388)
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THE NAVYS FIRST VERY~HIGH-FR£QUENCY RADIO COMMUNICATION j
SYSTEM -~ THEg MODELS XP-XJ (1929)

Operational use of this NRL.dev,
and on 3 submarine, convinced

XP cransmiteer 18 shown ay the t0p, and the Mode) XJ-2 receiver is at the

bottom. The receiver
was the first oo employ shielde

d grid tubes, which made possible excellent amplification g
radio frequencies. The unit in the lower leg corner of the transmitrer is the temperatyre.

control component, which containg eight quarez crystals for frequency control.
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predict above 25 to 30 MHz. Observations made
during & considerable portion of the 1l.year
sunspot cycle indicated that sunspot sctivity
had at cimes marked influence on propagstion,
particularly in the band 20 to 40 MHz.

Very-High-Frequency Band (VHF)

After the Navy adopwed high frequencies, it
surrendered to other interests eager to obeain
them some of its lower frequency communica-
tion channels not so well adapted to shipboard
installation because of the large amount of
space that the equipment occupied. The higher
frequencies appeared to offer many additional
channels as needed. The Navy had become
interested in knowing when it was safe to use
these higher frequencies for limited-range com-
munication, without fear of being intercepted by
a distant enemy. NRL's results had indicated
that if che return of energy from the ionosphere
to earth during all phases of the sunspot cycle
were 10 be avoided, it would be necessary to
use frequencies above 60 MHz. On some occa-
sions it had been possible to use very low power
on 40 MHz for transcontinental transmissions.
On the other hand, there were times when fre-
quencies as low as 25 MHz were not transmitted
beyond line-of-sight paths. To obtain additional
propagation data, particularly over all sea-
water paths, and to provide the Navy with
operational experience, NRL developed the
Navy'’s first very-high-frequency (VHF) com-
munication system (1929),17%.1%4 The opera-
tional use of this system convinced the Navy
of the utility of the VHF band for limited-
range communication in the Fleet!”™ This
system comprised the Model XP transmircter,
later XP-1, 2, 3 (500 watts, 14 to 75 MHz) and
the Models XJ-1 and XJ-2 (4 to 50 MHz) and
Model XV (42 to 100 MHz) receivers. The
transmitter, designed for continuous-wave
operation, was crystal controlled with three
stages of amplification which were also used for
frequency multiplication. The Model X]J receiver
was first to employ “shielded-grid” vacuum
tubes and first to provide substantial radio-
frequency amplification sbove 8 MHz, as com-

pared with the previously used triode tubes with
“balanced” circuitry, which gave relatively
lictle gain. Even for the high-frequency band, it
was the first receiver to provide circuit stability
and freedom from circuit reaction, microphonics,
and erratic control equal to that which had been
arrained in lower frequency receivers. The fre-
quency range of reception was extended further
upward with the development of a superregenera-
tive receiver, designated the Model XV (1932).
While these equipments were primarily intended
to provide operational experience sbove the
high-frequency band, the overlapping portion
of the range was useful in acquiring additional
propagation data in chis band.

Major radio commercial manufacturers had
been approached on the development of the
Model XP, but they stated that they had so little
experience in the field that they preferred not
to undertake the work. Consequently, NRL con-
scructed a number of transmitting and receiving
equipments which were installed on the USS
CALIFORNIA (Dec. 1929), TEXAS, PENNSYL-
VANIA, ARIZONA, DETROIT, and HOL
LAND, and the aircraft carriers USS SARATO-
GA, WEST VIRGINIA, and LEXINGTON.
Since it was desired to use voice communica-
tion with aircrafe, the carriers were provided
with voice modulation units.!™ 1% These equip-
ments were used on ship-ship and ship-shore
circuits over a period including World War 11
and resulted in the collection of valuable propaga-
tion data. The results led to the quantity procure-
ment of the VHF equipment known as the Model
TBS, including both transmitter (40 watts, 60 to 80
MHz) and receiver (1938).177 These equip-
ments, installed on all the larger Navy ships and
on many of the smaller ones, served as an out-
standing intership communication system during
World War II, doing its part in the carrying out
of tasks such as amphibious landings and coavoy
duty.!™ The system remained in service for over
a decade after the war.

The prospect of a large increase in the number
of Naval fighter aircraft operating from carriers,
the comparatively short range of operation of
such craft, and the relatively high altitude at

¢ g N e







which they flew were strong points in favor of the
use of the VHF band for air-ship and air-air com-
munications. The higher flying speeds of new
aircraft required the abandonment of the long
trailing wire and the large fixed-wire antennas
to reduce drag. The short antenna which radiated
efficiently in the VHF band could be stream-
lined, materially increasing the speed and
maneuverability of the aircraft. As a step toward
realizing these advantages, NRL developed
the Navy's first very-high-frequency (VHF)
aircraft communication system, Model GL,
1 watt, 52 to 60 MHz (1931).17%17817 A pre.
liminary model of the system (Model XT) was
developed (1930) using modulated continuous
waves which required keying. Aircraft pilots
objected to the additional burden of keying,
so the system was modified to include voice
modulation. The Model GL equipment was also

>o.

RADIO COMMUNICATION

the first aircraft-communication equipment to
be powered by a generator driven directly by
the aircraft engine, without the use of batteries
as was formerly the case. The Model GL equip-
ment was reproduced in quantity and sent to
the Fleet for service use.

Naval aviation interests wished to proceed
to still higher frequencies for airborne com-
munications. NRL had succeeded in developing
transmission, reception, and radiation techniques
with suitable frequency control at frequencies
up to 200 MHz!® As g result, the Laboratory
provided technical information and guidance to
contractors in procurement of the Model AN/
ARC-1 transceiver for aircraft installation (ten
watts, ten channels, 115 1o 156 MHz).181:182 This
equipment, the first of its kind, became available
in May 1943 and was the principal equipment
used by the Navy and other services for aircraft

THE NAVY'S FIRST VERY-HIGH-FREQUENCY AIRCRAFT
COMMUNICATION SYSTEM (1931)

This system, developed by NRL, covered a frequency range of 52 to 60 MHz. It was designated the Model GL.
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AIRCRAFT COMMUNICATION TRANSCEIVER, MODEL AN/ARC-1

This transceiver was the principal airborne communication equipment used by the Navy and other military services during
World War Ii. NRL participated in its development (1943). More than 70,000 of these equipments were produced by the end

of the war.

communication during World War I1. More than
70,000 equipments were produced by the end
of the war. Many of these continued in use long
after the war, until equipment in the ultra-high-
frequency band became available in adequate
quantities. For the ship and shore terminals of
the system, the Laboratory developed the first
VHEF shipborne operational receiver, Model
RCK, 115 to 156 MHz, superheterodyne (1943),
of which 3000 were procured.!®® The Laboratory
also guided contractors in the procurement of the
transmitter, Model TDQ, 45 watts, 115 to 156 MHz
(1943).1%¢ Certain portions of the very-high-
frequency band were found to be very attractive for
a variety of amphibious and short-range, land-based
operations.

The Ultra-High-Frequency Baad (UHF)

Introduction

The allocation of frequency channeis between
30 and 300 MHz was first considered by the
nations of the world at the International Tele-
communications Conference held in Cairo,
Egypt in 1938, with representatives of seveaty
nations participating.!®® The channel require-
ments for aircraft and television were given
particular attention. Television proponents
were seeking channels in the VHF band already
occupied by the Navy. The Navy, having
equipped itself for tactical communications in
this band, was in no position to relinquish it,
particularly with war imminent. During the war,
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in preparation for postwar planning, the Navy
conducted a study of its requirements for am-
phibious operations (Project Overlord) and
determined that it needed many more frequency
channels than the VHF band could accom-
modate.

UHF Equipment

NRL had continued its progression to the
higher frequencies, devising means of power
generation, frequency determination and con-
trol, amplification, and selectivity in what lacer

was to become the ultra-high-frequency
band.1#6,18,1% The energy-collection loss inher-
ent in the shorter antenns which had to be used
st UHF as compared to VHF had t0 be over-
come by increased transmitter power and re-
ceiver sensitivity; nevertheless the inducement
of many more channels at UHF was strong.
NRL developed the Navy's first shipboard
UHF communicstion system operating on
frequencies as high as 500 MHz (15 watts) ‘
(1936). This system, was first installed on the 1
USS LEARY for operational trials (1937). The

system was installed on Naval aircraft for the ;

SHIP BRIDGE-TO-BRIDGE RADIO COMMUNICATION

During the Fleet's cruise in southern waters early in 1938, NRL conducted experiments to determine the feasibility of using
VHEF and SHF for bridge-to-bridge communication between Naval ships. NRL's 500-MHz com ication equipment is shown
just back of the ship’s communication officer, LT Charles Horn (later ADM Horn), on the bridge of the battleship USS NEW
YORK. At the extreme left is shown NRL's 100-MHz communication equipment. Results indicated that satisfactory communica-
tion could be obtained out to a range of about 23 percent beyond the horizon. The work was followed by development and
production of communication equipment in the 200-MHz band.
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first time, giving satisfactory communication
over a range of 25 miles from plane to ground
(1937). NRL's work demoanstrated the feasi-
bility of utilizing the UHF band for Naval
communications. The UHF band received consid-
erable emphasis by the United Scates and its allies
as the principal frequency band for tacticsl com-
munications. Efforts were then directed to a ship
bridge-to-bridge system. The performance of chis
system was demonstrated over 8 circuit between
NRL and the Navy Department building (Dec.
1937). Three 500-MHz equipments were produced
and utilized in operstional trials in che Fleet (early
1938). An sirborne system was developed which
provided communication between air snd ground
at ranges in excess of 100 miles (10 warts, 300 to
360 MHz) (1940).17™

In the Navy's consideration of the frequency
limits to be established for a new, higher fre-
quency communication band, NRL urged that
channels around 200 MHz be reserved for search
radar, since this frequency was very effective
for long-distance aircraft detection. This con-
sideration set the lower limit of the new fre-
quency band. The Navy then decided upon the
225 wo 400 MHz frequency range for the new
UHF communication band and proceeded to
obtain the concurrence of the Interdepart-
mental Radio Advisory Committee (IRAC) in
sllocating this band for tactical communications.
The Navy's proposal was agreed to by IRAC, which
included representatives of the Army and other
depsrtments of the government concerned (1944).
Thus, the UHF band was established. In support of
its interests the Army demanded a share of the
band and was assigned every other frequency chan-
nel in the band. This assignment was shared subse-
quently with the Air Force when that service was
established.

To meet the new requirements for Naval
aircraft, NRL developed the first aircraft
communication equipment providing a large
number of quickly selectable, specific, and
precise frequency channels covering the UHF
band (1944) .17 Equipment of this kind was exten-
sively used throughout the military establish-
ment. NRL's equipment, known as the Model XCU
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in early experimental form, later was designated
the Model AN/ARC-19 (transceiver, 4 watts, 225
to 400 MHz). The communication channels (876,
with s spacing of 200 kHz) were provided through
the use of a unique frequency-control technique
employing only seven crystals arranged in various
combinations to control the output channel frequen-
cies. This equipment was the forerunner of the
Model AN/ARC-27, which provided 1750 channels
spaced 100 kHz apart ¥ Coordination with the
Air Force for its requirements, the adveat of
the Korean conflict, and production difficulties
delayed the availability of the AN/ARC-27
until 1951, when it was produced to the extent
of 125,000 equipments for the Navy and Air
Force, and for foreign allies. A counterpart of
this equipment, the Model AN/GRC-27, for ship
and shore installations was also produced in
considerable quantities (abouc 10,000 made).
A considerable number of ARC-27 and GRC-27
equipments were procured and saw operational use
for many years.

NRL developed the Navy's fiest shipboard
communication receiver for the UHF band
(Model XCS) (1944).182 The Laboratory also
provided technical information and guidance to
the contractors in procurement of the receivers.
Since the contractor for the transmitters was
required to produce them in quantity in an
extremely short time, NRL was afforded little
opportunity to avoid the many deficiencies of
the product which had to be corrected later. A
considerable number of these equipments were
procured by both the Navy and the Air Force.
They were designated the Model RDZ (receiver,
superheterodyne, ten channel, 225 to 400 MHz)
and Model TDZ (transmitter, 30 watt, ten chan-
nel, 225 to 400 MHz). When using these equip-
ments, in close proximity aboard ship in the
numbers required for tactical communication
circuits, considerable mutual interference was
encountered. In an extensive investigation of
the performance of the contractor's product on
100 primary Navy channels, involving some
40,000 measurements, NRL found that only a
small fraction of the possible number of channels
were clear of interference and suitable for ship-
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THE FIRST UHF AIRCRAFT COMMUNICATION EQUIPMENT PROVIDING A LARGE NUMBER OF
QUICKLY SELECTABLE SPECIFIC AND PRECISE FREQUENCY CHANNELS (1944)

This NRL-developed equipment was designated the Model AN/ARC-19 (225-400 MHz) when procured.

board service.!®® The interference was due to NRL was able to make substantial improvement
spurious emissions of the TDZ transmitter and in transmitter performance by introducing
heterodyne oscillator of the RDZ receiver. In filters in the power supply and control circuits
its prior experimental work, NRL had used third and by adding a tube after the crystal oscillator
and fifth “overmode” crystals in the oscillators, to reduce the load on the crystal.’® However,
thus reducing the number of frequency multi- changes in the equipment to use the overmode
plications necessary to produce output channel crystals necessary for satisfactory performance
frequencies to as low as twelve times. It had were so extensive as to be inadvisable. The TDZ/
recommended that the contractors use these RDZ equipments were used for many years on
overmode crystals. The Army Air “Force, in such clear channels as they could provide. To avoid
joining the procurement action to obtain equip- the interference difficulty in subsequent procure-
ment for its own needs, insisted that the con- ments of UHF equipment, third and fifth over-
tractors use fundamental-mode crystals. These mode crystals were used, as had originally been
required frequency multiplications as high as recommended by the Laboratory.

64 tmes, greatly increasing the number of

harmonic emissions and the number of spurious To eliminate the “pulling” of the crystal-
receiver responses resulting therefrom; never- control frequency experienced when tuning
theless, the Air Force requirement prevailed. earlier UHF equipment, NRL devised a
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THE FIRST SHIPBOARD UHF RADIO
COMMUNICATION EQUIPMENT, THE MODELS
TDZ-RDZ (1944)

This equipment was procured in considerable quantity and was used in
tactical communication circuits for many years. NRL developed the experi-
mental model of the Model RDZ receiver (below) and conducted many
investigations to make the Model TDZ transmitter (above) effective.
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cathode-coupled crystal oscillator circuit which
was widely used in modern Navy UHF communi-
cation equipment (1947).19 Its use in the manu-
facture of cryscals also makes certain that the chan-
nel frequency will be precise when used in opera-
tional equipment. The circuit uses third and fifth
overmode crystals (originally type CR-9) and pro-
vides directly generated oscillations at frequencies
up to 150 MHz. At resonant frequencies the crystal
provides a low-impedance path between the cath-
odes of two oscillator tubes. The inductance of che
crystal connecting leads is neutralized by a series
inductance. The crystal holder and stray circuit
capacitances are neutralized by an inductance in
parallel with the crystal. This NRL crystal
oscillator circuit and other NRL-devised tech-
niques were used in the Model AN/TED UHF
transmitter (over 3000 transmitters procured,
beginning in 1947), in the Models AN/URR-13
(1950-1954) and AN/URR-35 (1960) UHF re-
ceivers (total procurement over 2000 receivers),
and in the Models AN/URC-9 (procurement
begun 1951), AN/SRC-20, 100 watts, combined
with  AN/URC-9 (procurement begun 1961),
and AN/SRC-21, 20 wartts (procurement begun
1962) UHF transceivers (total procurement
over 2500 transceivers). Some of these models saw
extensive service throughout the Navy, Air Force,
and Army as communications components.

Amplitude Modulation vs
Frequency Modulation in
UHF Communication Systems

For many years the Navy had used amplitude
modulation (AM) in its radio voice communica-
tion systems, which it considered superior to
other modes of modulation for mobile service.
Frequency modulation (FM) had been used by
public radio broadcasting systems, particularly
at the higher frequencies, and was considered to
provide higher fidelity than amplitude moduls-
tion in reproducing music and song. Good resules
had also been obtained when used in land mobile
communication systems with one fixed terminal
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having a physically stable antenna, as compared
with most Naval circuits, involving mobility
of both terminals. When the UHF band was
established for military tactical communica-
tions, and after the Navy's development of the
TDZ/RDZ UHF equipment using amplitude
modulation was underway, the British raised
vigorous objection to the use of AM, claiming
that frequency modulation was superior. Their
concern was directed to the use of a common
UHF communication system in future joint
operations. To settle the macter, NRL conducted
the first comprehensive investigation under-
taken to determine the relative merits of
amplitude modulation and frequency modula-
tion in a UHF system as used in mobile Naval
operations (1946-1947).1% The results of the
investigation proved the superiority of ampli-
tude modulation. This type of modulation was
adopted by the Navy for its UHF tactical-com-
munication equipment.

Representatives of the British Admiraley
Signal Establishment, the Royal Aircraft Estab-
lishment, and the Ministry of Supply participated
in the investigation. A comprehensive theoretical
study was conducted to establish criteria of ideal
performance and to derive equations for com-
puting theoretical limits. Data were taken in
the Laboratory on systems using lossy lines and
attenuators for simulated propagation paths.
Data were also taken at sea using TDZ/RDZ
equipment installations on the USS ADIRON-
DACK (E-AGC-15), the USS PEREGRINE and
the USS LST 506, furnished by the Navy's
operational development force. Data were also
obtained using AN/ARC-13 UHF communica-
tion equipment installed in Navy type R4D-5
aircraft. The UHF communication equipments
were modified to facilitate change between AM
and FM modulation modes and to insure equi-
valency. Performance measurements and observa-
tions were made to determine single-signal
range of communications. The effects of inter-
fering signals on the same channel and on
adjacent channels were studied, as well as che
changes in performance resulting from radar
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interference and noise caused by various elec-
trical discharges in the vicinity of antennas. The
influence of audio-frequency emphasis was
investigated in laboratory measurements and
also mathematically. Multipath propagation
was considered. The effect of type of modula-
tion on equipment design factors, such as size
and weight, was examined.

The general conclusion reached was that for
the highly mobile terminal conditions, typical
of much of the Naval service, AM is preferable
to FM. In brief, it was found that the AM signal
occupied less of the radio spectrum, gave better
weak-signal performance (fringe-area reception),
greater freedom from co-channel and adjacent-
channel capture effects, was much more tolerant
of circuit misalignment and detuning, and easier
to adjust and maintain. The FM system provided
about 10 dB higher output signal-to-noise ratio
on medium-input signals, was advantageous for
“high-fidelity” or wideband low-distortion
reproduction, required less transmitter power
(but also more complex transmitter and receiver
circuitry), and permitted closer adjacent-chanael
frequency spacing under conditions of strong-
signal interference (but with greater signal-to-
noise ratio depression effects). In general, FM
is more appropriately considered for systems
with both terminals geographically fixed.

At the conclusion of the investigation, the
British concurred in the superiority of AM over
FM in UHF voice communication systems, as
used in mobile sea operations, and proceeded
to use AM equipment in their Naval forces. Tactical
voice communications using AM equipment was
widely adopted by the Navy.

Communication Systems Planning

As an aid to future communication system
planning, NRL was first to devise a technique
of system analysis which enables an opera-
tional planner to determine from critical
parameters the performance limits of proposed
radio communication systems in practical
operational terms (1952).1% The technique is
not limited to UHF; it can be applied to a wide

range of communication frequencies, different
types of modulation, and various ship-air-shore
terminal combinations. It provides the presenta-
tion of predicted performance in forms which
permit determination of the effects of system
variables. The influence of antenna heighe,
antenna-pattern irregularities, transmicter power,
receiver sensitivity, output signal merit rating,
and other major factors can be assessed directly.
The technique was first applied to the Model
TDZ/RDZ UHF system in determining improve-
ments to be made in equipment subsequently
to be procured. The results obtained through
the use of the new analysis technique were in
good agreement with data obtained in actual
field performance.

Radio-frequency spectrum planning was
enhanced when NRL devised a technique for
analyzing receiver capability for discrimina-
tion between desired and undesired signals
using log-log selectivity curves associated
with pertinent parameters (1955).!% Through
the use of log-log curves in a composite plot,
the interrelations between major channel-
frequency factors which must be considered can
be presented in a way particularly effective for
system planning purposes, not possible with
the use of conventional curves. Thus, receiver
intermodulation, crossmodulation, desensitiza-
tion, weak-signal selectivity, receiver radia-
tion, and spurious response limits, as well as
transmitter intermodulation and limic of spurious
radiation can all be readily appraised. Such
determinations as system channel-frequency
spacing and transmitter-receiver antenna prox-
imity for tolerable levels of cross modulation
are easily made.

UHF Antennas

In the VHF band, simple dipole antennas had
sufficient frequency bandwidth to serve accept-
ably in Navy communication transmittet and
receiver installations. However, in the UHF
band, the much greater frequency range which
had to be covered required the complexity of
remote mechanical adjustment of the antenna,
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unless it was inherently broadband. Further-
more, the multiplexing of several equipments
on a common antenna made a broadband capa-
bility a necessity.

NRL developed the “biconical” antenna,
the first UHF broadband antenna (225 to 400
MHz) to have radiation characteristics satis-
factory for Naval installations (1942),195,19

The antenna comprised two opposing cones
with skires. Its dimensions were proportioned
in accordance with an equation which was de-
veloped. Television interests had developed
antenna structures which had reasonably flat
frequency performance over a 20-percent band-
width. In comparison, the new “biconical”
antenna provided operation over a 56-percent

THE NAVY'S FIRST UHF
BROADBAND ANTENNA (1942)

This antenna, developed by NRL, covered a

frequency range of 2295 to 400 MHz.

o) ' 60834 (331)
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bandwidth relative to midband frequency, with
less than 9-percent reflection when fed by a
standard transmission line. Widespread interest
developed in this antenna. Information on its
design was promptly given the several contrac-
tors engaged in providing the Navy with UHF
equipment. To accelerate the availability of the
antenna for Fleet usc, NRL had 30 units con-
structed by a local contractor patterned after
NRL's model.

Directive Antenna System

At UHF, the use of directive or beam antennas
of a size which can be accommodated aboard ship
can provide substantial improvement in com-
munication system performance. A directive
antenna system also offets greater security in com-
munication from enemy interception, direction
finding, and jamming. However, the directive
antennas must be mutually aligned at the respec-
tive terminals and held in alignment regardless
of the movements of the individual ships. NRL
developed the first automatic, mutually
aiigning, directive communication UHF
antenna system (1949).1%7 This system was
first demonstrated on the Naval Patrol Craft,
USS E-PCS-1425 (1949). It was also installed
on a destroyer, where considerable increase in
range at UHF was obtained, giving beyond-the-
horizon performance. A 26-dB system improve-
ment was obtained.

UHF Antenna Multiplexing

The limited number of UHF antennas with
satisfactory radiation performance which can
be accommodated aboard ship and the large
number of channels required on ships, such as
command ships and carriers, for tactical com-
munications, make imperative the operation
of several transmitting or receiving equipments
on a common antenna. NRL was first to devise
an antenna multicoupler system which pro-
vided satisfactory operation of up to six com-
munication transmitters or receivers on a
common antenna (1946).!2® Multicouplers

107

of this type were used chroughout the Fleet;
modern carriers require multicoupler ac-
commodation for over 30 UHF communica-
tion equipments. The system incorporated a
newly devised transmission line-series coupl-
ing technique, previously referred to under
“High-Frequency Antenna Multiplexing,” al-
though it was first applied at UHF. In this
technique the equipments are coupled to the
inner conductor of a concentric transmission
line through a series of small openings along
its outer conductor. The coupling element for
each equipment is an adjustable quarter-wave
rod placed parallel with the inner conductor
of the line at each opening. In this system, with
equipments separated by 6 percent in frequency,
a 25-dB isolation was obtained with an insertion
loss of 0.8 dB. The NRL antenna multicoupler
was procured (as Model CU255/UR) in large
numbers and installed on ships throughout the
Fleet, some remaining in service for many years.
This multicoupler was the forerunner of a series
of models based on the same concept. A quick
frequency shift was one improvement in this series
of equipment.

Tropospheric Scatter Communication

In the early exploration of the VHF and UHF
bands, it was observed that energy at these fre-
quencies could be propagated to distances
substantially beyond the optical horizon by
means other than ionospheric refractions. A
bending or refraction of the energy path in the
lower atmospheric level appeared to be taking
place. The associated phenomena came to be
known as tropospheric scatter propagation. NRL
carried out the first investigation to deter-
mine the relative effects of temperature, water
vapor, air pressure, and ionization gradients
in the atmosphere in influencing bending of
the energy path in the tropospheric-scatter
mode of propagation (1935).1% The Labora-
tory concluded that the temperature gradient
was principally responsible for the bending.
Subsequently, other causes were proposed, but
the subject still remains somewhat of a moot
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THE FIRST UHF ANTENNA MULTICOUPLER SYSTEM
PROVIDING SATISFACTORY OPERATION OF UP TO SIX
COMMUNICATION TRANSMITTERS OR RECEIVERS ON A

COMMON ANTENNA (1946)

This system incorporated a transmission line-series coupling technique
devised by NRL. It was designated the CU 255/UR.
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question.? Propagation was observed to dis-
tances as great as 168 miles as early as 1932.%0¢
One of the first radars (200 MHz), newly installed
at Pearl Harbor aboard the USS YORKTOWN,
displayed echoes from the coastal mountains of
California at a range of 450 miles as the carrier
was cruising to San Diego (1940).2% Operators
on ships equipped with CXAM radars were able
to communicate over distances of 200 miles and
more by keying the range-change buttons of the
radars when the antennas were pointed at each
other. NRL had observed that the very long
propagation ranges were due to the presence of
certain meteorological conditions which con-
served the transmitted energy by confining it
to low-altitude paths over the surface of the sea,
later called “ducts.” The nature of these ducts
was investigated relative to proximate meteo-
rological structures in both the Atlantic and
Pacific Ocean areas (1945).2% The ducts were
found to be capable of supporting 200 to 500
MHz signals to ranges of 1000 miles with mete-
orological predictability. These and similar
results gave promise of the value of this mode
of propagation for Naval communications.

NRL conducted the first investigation of
surface-to-surface tropospheric-scatter propa-
gation over all seawater paths under various
veasonal and meterological conditions to
Jetermine its utility for Naval communica-
tions (1954-1969).297 Data were first collected
over a 130-mile path extending southward over
water from the Laboratory’s Chesapeake Bay
site (1953-1954). Field strength was recorded
on transmissions (200 kHz) from the Laboratory's
site at selected points ashore and on board a
Naval vessel. Similar data collection took place
aboard the USS ACHERNAR (AKA-53) on
transmissions from Round Hill Point, Massa.
chusetts (385 MHz) and Situate, Massachusetts
(220 MHz) over 400-mile paths extending from
these points under summer conditions (July
1955). During this work NRL demonstrated
ship-shore, two-way, voice communication
with the tropospheric mode of propagation
for the first time out to a distance of 250
miles (July 1955). Commercial telephone

circuits were set up between Round Hill Point
and Washington, D.C., and conversations were
held between NRL and USS ACHERNAR. The
ship used a 17-foot steerable paraboloid (Model
SK-3 radar) antenna centered 95 feet above the
water level and a 150-watt (AN/TRC-24) trans-
mitter. A 10-kW transmitter and a 28-foot
paraboloid antenna were used at the Round Hill
site. To determine the influence of winter condi-
tions on tropospheric propagation, observations
were made on transmissions (412 MHz) from
the Round Hill site aboard the USS THUBAN
(AKA-19) during February 1956. With the 17-
foot paraboloid antenna aboard ship and a maxi-
mum transmitter power of 40 kW feeding a 60-
foot paraboloid antenna at the Round Hill site,
transmissions were detectable out to a distance
of 630 nautical miles. Periodic transmission with
voice and music modulation were received with
excellent quality out to a distance of 300 miles
(10 kW) and to 400 miles (40 kW). Further data
were collected at a much higher frequency in
an effort to determine if the anternas could be
made much smaller and more compatible with
shipboard installation. Transmissions (10 kW,
7760 MHz, X.-band) were observed over a 45-
nautical-mile path from Wallops Island, Vir-
ginia to Lewes, Delaware (1967) and over a
73-nautical-mile pach to Dam Neck, Virginia
(1968-1969). An 8-foot parabolic antenna was
used at the transmitter and an omnidirectional
antenna at the receiver.

The results of NRL's work indicated that with
sufficient transmitter power (10 kW) and high-
gain antennas, tropospheric scatter communica-
tion circuits can provide satisfactory operation
out to a distance of about 200 miles over sea-
water paths. Naval installations which can ac-
commodate the large antennas required are
limited. The presence of “ducting,” more
prevalent in summer than in winter, provides
considerable increase in the received signal
strength. When ducting is absent, the attenuation
over the path is approximately 0.18 dB per
nautical mile. The received signal level is sub-
ject to fluctuations up to 13 dB at various rates
and with a Rayleigh probability distribution.
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THE FIRST SHIP-TO-SHORE TROPOSPHERIC COMMUNICATION

[n the first demonstration of the feasibility of ship-to-shore tropospheric communication, NRL equipped
two ships, the USS ACHERNAR and the USS THUBAN (shown above), with 1™ -foot parabolic antennas
and instrumentation. In this work, the firse ship-to-shore, two-way, voice communication using the

tropospheric mode of propagation out to a distance of 250 miles was demonstrated (1955),
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The difference in performance between a UHF
system and an X-band system using smaller
antennas was due essentially to the propor-
tionately smaller amount of energy intercepted
by the smaller area of the X-band antenna. The
use of a vertical dipole receiving antenna, to
obtain omnidirectional performance and thus
avoid the need for antenna alignment, involves
a similar loss. However, this loss can be partially
offsec by gain up to 13 dB obtainable with an
antenna having a suitable vertical pattern. Rain
was found to have greater adverse influence on
propagation at the X-band frequency than at the
UHF band. New terminal equipment with new
modulation, diversity, and other techniques com-
pensate for this loss and extend che utility of tropo-
spheric scatter systems for Naval applications by
permitting the use of smaller antennas.

The Navy has used tropospheric scatter cir-
cuits (UHF) very successfully for two-way com-
munication between its National Emergency
Command Post Afloat (NECPA) ships and coastal
stations over distances of 50 to 200 nautical
miles (1961-1969). A chain of shore stations
provided continuous contact along the coast
from Maine to Florida. NRL provided the ships
involved in carrying out this function, the USS
NORTHAMPTON and the USS WRIGHT, with
multi-helix type, directive steerable antennas
for the system.

Radio Buoys

The Laboratory has conceived and developed
several types of radio buoys capable of transmis-
sion and reception to serve various Naval
functions. The towable radio communication
buoy, releasable and retrievable by submerged
submarines, has already been mentioned. NRL has
also provided it with a UHF transmission and recep-
tion capability for submerged “hunter-killer” ASW
submarines for use in the coordination of Naval
forces in attacking enemy submarines (1957).168
The UHF feature was first demonstrated on the
submarine USS BLENNY, with satisfactory com-
munication established from ship to ship and ship
to air (1957).
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NRL developed the first sono-radio buoy
for the protection of advanced bases, harbors,
and ships at anchor against attack by enemy
submarines (1941).17%.202 The sono-radio buoy
designated the Model JM was procured in large
numbers and used very effectively during World
War II and for special purposes thereafter. An
inscallation of the Model JM was sighted in the
Bosphorus as late as 1960. This sono-radio buoy
development was the beginning of a series of
models based on the original concept. Sono-
radio buoys were generally employed throughout
the Navy. NRL's early buoy was barrel shaped,
normally anchored, and contained a battery-
operated radio transmitter with a vertical antenna
extending above. A hydrophone supported by the
buoy picked up underwater sounds, which modu-
lated the transmitter. The radio transmissions
from a number of buoys were monitored at remote
observation points (receiver Model REN). The
buoy was modified to obtain better stability in very
heavy seas through the design of a boat-type body.

NRL developed the first aircraft-launched
ASW sono-radio buoy for detecting and
attacking submerged enemy submarines
(1943).173,206 ‘Thig sir-launched sono-radio buoy
was the predecessor of a series of models. During
World War II the procurement of this air-
launched buoy reached 150,000 units. The success
of the campaign against German submarines can
be attributed to a considerable extent to its exten-
sive use by the Navy and by the British. It was
used effectively against Japanese submarines in
the Pacific.It hasaiso been used successfully in
air-sea rescue work, being issued as primary equip-
ment for life rafts. The initial buoy, considered
expendable, was designated the Model AN/CRT. A
parachute limited the rate of descent of the buoy,
which, when it became seaborne, transmitted to the
aircraft sounds picked up by its underwater hydro-
phone. Means were provided for correlating the
rotation of the directional hydrophone with com-
pass bearings so that the direction of the emitted
sounds could be determined aboard the aircraft.
Several buoys could be monitored aboard the air-
craft to determine the point of attack (receiver
Model AM/ARR-16). Provision was also made for
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60834 (371) THE FIRST AIRCRAFT-LAUNCHED

ASW SONO-RADIO BUOY

THE FIRST SONO-RADIO BUOY
This buoy was developed by NRL for de-

tecting submerged enemy submarines and
aiding in their attack (1943). It was des-
ignated the Model AN/CRT.

NRL developed this buoy for the protection of advanced
bases, harbors, and ships at anchor against attack by enemy
submarines (1941). It was designated the Model JM.
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determining the location of the buoy by airborne
radar through the use of a beacon mounted on the
buoy. Later, the frequency of the radio transmitter
was changed to the upper part of the VHF band.
NRL developed the first submarine-rescue
radio buoy releasable by a submerged sub-
marine in distress to alert and guide rescue
forces by means of radio transmissions
(1947).297 This submarine-rescue radio buoy was
approved by the Navy's Operational Develop-
ment, Test and Evaluation Force and saw wide
general service. The search area is localized by
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TOP CAP FLUORESCENT
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homing on the buoy transmissions with radio direc-
tion finders. The buoy comprises a bactery-
operated, crystal-controlled transmitter and an auto-
matic keyer which upon surfacing continually repeats
in international code the message “SOS SUB
SUNK SOS” on the fixed emergency distress fre-
quency. The original version, the Model XDM, was
followed by Model T-347/SRT and Model T-616/
SRT (1957). The buoy (three inches in diameter, 40
inches long) was launched from the submarine’s
signal-flare-ejector tube. The antenna was a tapered
metal strip which was folded down during ejection
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THE FIRST SUBMARINE-RESCUE BUOY

This buoy was developed by NRL to be released by submerged submarines in distress. Radio transmissions from the buoy

alerted and guided rescue forces (1947).
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and sprang erect as it reached the surface. The
bartery capacity was adequate to continue the mess-
age transmissions for 14 hours. The SOS signals
can be received at ranges out to the horizon by
surface vessels and to a distance of 90 miles by
aircraft flying at an altitude of at least 10,000 feet.

COMMUNICATION AT SUPER-HIGH
FREQUENCIES

Introduction

The frequencies above the UHF band at
various times since the Laboratory's inception
have been referred to as “micro-rays,” “centi-
meter waves,” “microwaves,” “millimeter waves,”
and “super-high frequencies.” While it was
recognized early that transmission at these
frequencies was limited in range to the line of
sight, nevertheless, the possibility of confining
the energy to a very tight beam with small
directional anteanas made them attractive for
short-range communication, particularly from
the viewpoint of security. They appeared to offer
important operational advantages over the
Navy's light-blinker system. NRL began its explora-
tion of these frequencies in 1933, directing its atten-
tion to components. Particular attention was given
to adequate transmitter power sources, which had
always been a major impediment to progress to
higher frequencies.2°® Magnetron tubes
were constructed for oscillation in the range 7 to 40
centimeters (4285 to 750 MHz) and were used in
experimental systems (1934-1937). Good-quality
voice communication was obtained over short ranges
(1934). A ten-centimeter, 3000-MHz system using
40-inch parabolic reflector antennas was developed
and installed on the destroyer USS LEARY (DD
158), the first such equipment to be operated on a
U.S. Navy vessel (1937). Ranges out to the horizon
(NRL to Fort Washington, Maryland) were demon-
strated, 173209

Up to this time the super-high-frequency
development work had had both communication
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and radar objectives. Progress in radar had by
then aroused great Naval interest, and this work
was given high priority, resulting in retardation
of activity for the developmental activity in
communication. Furthermore, components in
the VHF band were much further advanced,
and emphasis was given to developments in chis
band to provide for short-range communications
in case war should occur.

Millimeter Waves

Toward the end of World War II, to obtain
an important security feature, attention was
directed to the development of a communica-
tion system in the frequency band (5.4 mm,
55,500 MHz) where high absorption, due to the
presence of oxygen in the atmosphere, would
limit the range of propagation (1945). Also,
when space is limited, the very small antennas
required in this frequency band would make
possible new operational applications. The
Laboratory proceeded to devise circuit com-
ponents such as power generators, wave guides,
and resonant circuits which for this frequency
band were at that time nonexistent. Transmitting,
receiving, and measurement equipment was
developed and used in propagation investigations
(1945-1970).219 Equipment was developed to the
stage at which an operational system was made
available and demonstrated (1958). Both shipboard
and airborne aspects were given consideration. The
high cost of the highly precise components used at
that time was a deterrent to operational deploy-
ment. Subsequently, a major reduction in cost was
possible when suitable solid-state and traveling-
wave-tube components became available. Opera-
tional applications were then feasible and effective.

Satellite Communication

It was fortunate that the super-high-frequency
channels remained relatively unoccupied and
that it became feasible to place satellites in
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orbit at a time when the high-frequency band,
which carries the great bulk of the long-distance
communication load, had reached a state of near
saturation, and when there was continued need
to increase the longer range command and con-
trol communication capacity. Super-high fre-
quencies, capable of penetrating the earth’s
atmosphere with negligible loss, used in high-
altitude relay satellites could provide solid,
long-distance coverage of large world areas
notwithstanding their line-of-sight propagation
limitation. Also, the use of these frequencies
would make available a very large increase in
the number of communication channels free of
the ionospheric propagation complexities
encountered in high-frequency-band transmis-
sions. Furthermore, advantage could be taken
of their very high data-rate capability for new
modes of communication not previously possible
over long distances.

Since its early days, the Laboratory has held
a continuing interest in extraterrestrial radio
phenomena. In connection with the conduct of
its original high-frequency-propagation work,
NRL was first to determine the frequency
above which radio waves would penetrate the
earth’s atmosphere and propagate through
outer space, making interplanetary radio com-
munication possible (1926).'*¢ The Labora-
tory was first to analyze the conditions for
radio propagation on the planet Mars (1929).2"!
Encouraged by the results of its experiments to
determine the characteristics of the ionosphere
with reflected high-frequency pulses (1925) and
on “round-the-world” signals, which it observed
to pass around the earth as many as three times,
NRL made efforts to obtain radio echoes from the
moon in 1927 and 1938.7¥ However, it was not
until 1949 that the Laboratory was able posi-
tively to identify signals returned from the moon
through the received clutter.

Early Satellite Communication

To study the characteristics of moon-
reflected radio energy, NRL constructed the
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world's largest parabolic antenns (1951), the
size of which was not exceeded until the 250-
foot Jodrell Bank, England, antenna became
available (1957).222 The reflector of the NRL
antenna (area 1.1 acres) was formed in the earth’s
surface at the Laboratory's site at Scump Neck,
Maryland, as an off-center section of a parabola
of revolution having an elliptical aperture 220
by 263 feet respectively along the minor and
major axes. A horn-type antenna feed mounted
on a movable boom had steering capability
which allowed the beam to be held on celestial
targets for a period of about one hour. With the
aid of this antenna and a transmitter providing
one-megawatt, 198-MHz, 12-microsecond pulses,
NRL was first to discover that radio energy
reflected from the moon was sufficiencly
specular to support the transmission of data
st a rate adequate for effective radio com-
munication circuits (21 Oct. 1951).212 To
provide data on which to base the design of
satellite-communication systems, determinations
were made of the overall attenuation of the moon
circuit, the scatter loss in reflection from the
moon's surface, and the attenuation due to the
gaseous content of the atmosphere and inter-
vening space. [In conducting experiments using
the large antenna for both transmission and
reception, NRL was first to transmit the human
voice through outer space and return from
the moon (24 July 1954).212 A 100-wart, 220-
MHz communication transmitter was used. NRL
sponsored the development of the first 10-kW
klystron amplifier covering the UHF band:. with
increased transmitter power, smaller antennas
could be used. With the use of this amplifier and
the large antenna for transmitting and four 17-
foot Model SK radar parabolic antennas in an
integrated assembly for a receiving antenna,
NRL first demonstrated transcontinental
satellite communication, from Washington,
D.C. to San Diego, California, at 301 MH:2
with an FSK teleprinter (29 Nov. 1955).313
The first official message to be transmitted
via a satellite was sent over this circuit. Using
the same equipment, but increasing the number

5
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THE WORLD'S LARGEST PARABOLIC ANTENNA (1951)

With this antenna, NRL was tiese to discover that reflections trom the moon could be used tor communication (1951 NRL aso

uscd the antenna to transmit the hrse human vowe signals over a satelhite arcue (1954, and with 1t was tirse (o demaonseraee

transcontinental and transoceanic communication by satelhite 119951 The boom above the parabolic reflector which s formed

in the ground holds the energy collector at the focal pornt Steering the beam of the antenna was accomphished by moving the

boom

of radar antennas to eight for reception, NRL
was first to demonstrate transoceanic satellite
communication, from Washington, D.C. to
Wahiawa, Oahu, Hawaii, 4350 nautical miles
via greact-circle path (23 Jan. 1956).2'® Mes-
sages were transmitted by teleprinter success-
fully over the circuit, including one from the
Chief of Naval Operations (ADM A. A. Burke)
to the Commander-in-Chief Pacific Fleet
(VADM F. B. Stump). The system was designated
“CMR"” (Communication Moon Relay).
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First Operational Satellite
Communication System

Based on NRL'’s results, the Navy estab-
lished the world’s first operational satellite
communication system, from Washington, D.C.
to Oahu, Hawaii (1959).21¢ This CMR
system was publicly demoastrated on 28 Jan.
1960, with messages exchanged between the
Chief of Naval Operations (ADM A. A. Burke)
and the Commander-in-Chief, Pacific Fleet
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VADM H. G. Hopwood). At this time pictures
facsimile) were transmitted for the first time
over a satellite communication system (Jan-
uary 1960). With NRL's guidance of the contrac-
tor, 100-kW transmitter installations were
provided at Annapolis, Maryland (445.1 MHz)

and Opana, Oahu (435.1 MHz), and receiver
installations were setup at Cheltenham, Mary-
land and Wahiawa, Oahu. Eighty-four-foor-diam-
eter steerable parabolic antennas were used for all
these installations. The receiving installations
incorporated an NRL-devised technique which

THE WORLD'S FIRST OPERATIONAL SATELLITE COMMUNICATION SYSTEM (1959)

Based on NRL's work, the Navy established satellite.commuaication terminals at sts radio stations near Washington, D C
and in Oahu, Hawasi Shown here 1s the terminal at 1its Annapolis, Maryland, station.
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compensated for the fading characteristics inher-
ent in the moon circuit and made possibly highly
reliable teleprinter operation. The system was
capable of accommodating 16 teleprincer
channels at the standard rate of 60 words per
minute, but since 16-channel multiplexers were
not available, only four teleprinter channels
were used. This CMR system was intended to
provide backup for high-frequency circuits in
case of blackouts due to ionospheric distur-
bances and proved its worth in this respect when
it was first used operationally on 27 Nov. 1959.

Ship-Shore Satellite
Communication System

It was considered that a ship-shore CMR
satellite communication system could be pro-
vided through the use of smaller antennas made
possible with the employment of super-high
frequencies (microwaves). Furthermore, the use

of a large antenna on shore could compensacte
for the lesser performance of a smaller antenna,
more compatible for shipboard installation.
With short-pulse (two-microsecond) radar equip-
ment, NRL was first to make radar contact
with the moon at frequencies as high as 2860
MHz (24 Feb. 1957), with encouraging re-
sults with respect to communication.?’ The
Laboratory’s 50-foot antenna, for many vyears
after its completion in 1951 the world's largest
and most precise fully steerable parabolic an-
tenna, was used in making the observations.?!
To obtain the continuous-wave power required
tor communication, NRL sponsored the develop-
ment of the first 10-kW communication trans-
mitter capable of operation at frequencies as
high as 2400 MHz (1956). It also sponsored the
development of a 60-foot, fully steerable para-
bolic antenna, the largest in the United States
at the time, to obtain additional circuit gain
(1950). Its design was used later in the 84-foot

60834 (527)

FIRST PHOTOGRAPH TO BE TRANSMITTED OVER A COMMUNICATION SATELLITE SYSTEM (1960
This prcture of the asrceatt careter USS HANCOCK CVA 19 wath otheers and men in positions spelling out MOON RELAY

was transmiceed trom Hawao to Washingran, D
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cover the saeellite svstem based on NRE's work (28 Lan 1960

> vy e A S —C———




RADIO COMMUNICATION

FIRST DETERMINATION OF COMMUNICATION QUALITY OF THE MOON
CIRCUIT AT MICROWAVES (19%M

Moon-relay communication and the fisst precise measureme of the Jistance to the moon weee accom

o —

phished using the anteana shown here mouted on NRE s Admimiscranion buddding The antenna,

developed in 1950, was the hrst tully steerable microwave patabolic antenna having a drameter as large ; '

as SO teet 1t has been used prinaipally as a radio telescope tor radio astronomy research and has been

successtully used up to 15,000 MHz This research has led to mamy ounstanding contnibutions 1o this

feld
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NRL'S SATELLITE-RESEARCH FACILITY AT STUMP NECK, MARYLAND, THE LARGEST FULLY
STEERABLE PARABOLIC ANTENNA IN THE U.S. (1956)

Many onginal satellite experiments were carried out by NRL with this S-band facihity, which has a 00-toot fully steerable parabolic

anteand which became available 1n 1956 Wich i, NRL demonstrated the feasibility o ship-to-shore communication via satelhite

for the hrst ttme (19011902

antenna of the Washington-Hawaiit CMR system.
Reception  sensitivity  at  the super-high  fre-
quencies was seriously limited by the phase
noise  penerated when  the crystal  oscillator
standard frequency was multiplied the numerous
tumes necessary to produce the heterodyning
frequency. To overcome the limitation in re-
ceiver sensitivity imposed by frequency con-
trol oscillator noise, NRL devised a phase-
locked, crystal-oscillator-filter technique

which for the first time made possible the high
reception sensitivity required in satellite-
communication systems operating at super-
high frequencies.?!” The new system was in-
stalled at NRL's site at Stump Neck, Maryland.
With it, NRL was first to transmit communica-
tion signals over the moon circuit on a fre-
quency as high as 2290 MHz (11 Apr. 1957).218
NRL cooperated with the National Aeronautics
and Space Administration in observing the
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performance of the ECHO 1 satellite, a 100-foot-
diameter  aluminum-coated  plastic  sphere
launched 12 Aug. 1960. On this occasion, NRL
transmitted communication signals over the
circuit using the first man-made passive
satellite to determine the feasibility of ex-
tending the operational time of the moon
circuit.?!® In a demonstration of this sacellite
system, the Chief of Navai Research, from his
office in Washington, conversed via NRLs
Stump Neck installation with Federal Communi-
cations Commission members witnessing the
demonstration at Holmdel, New Jersey (22
Sept. 1960). A picture of the Commissioners
taken while at Holmdel was transmitted over
the satellite circuit. At the request of the Post
Office Department, NRL transmitted “space
mail” in the form of a facsimile letter for the
first time over a satellite communication
circuit (10 Nov. 1960).22° A special stamp was
issued by the Department in commemoration
of the advent of satellite communication. Two-
bounce communication via the satellite was
effected for the first time when an NRL message

mail

to New Jersey was immediately relayed to
California (14 Aug. 1960).

A shipboard CMR system was initiated by
installing a 16-foot parabolic steerable antenna
and receiving equipment on the USS OXFORD
(GTR), with which NRL demonstrated the
feasibility of shore-to-ship satellite com-
munication for the first time with transmis-
sions from its Stump Neck, Maryland facility
(2290 MHz) (15 Dec. 1961).22! Messages
recognizing the achievement from the Chief
of Naval Operations, ADM G.W. Anderson,
and NRL's Director of Research were trans-
mitted over the circuit. By adding a 1-kW
transmitter to the USS OXFORD installation,
NRL demonstrated two-way ship-shore satel-
lite communication via the moon circuit for
the first time while the ship was underway
between Buenos Aires and Rio de Janeiro
(30 Mar. 1962).22! In response to a message
transmitted from the ship, ADM Anderson
noted the transmission as “another milestone,”
“the first message to be transmitted over a
ship-to-shore moon relay communication

60834 (528)
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FIRST “SPACE MAIL" (1960)

At the request of the Post Office Department, NRL transmitted “space
mail” for the first cime over a satelhite communication system (10 Nov.
1960). This mail was in the form of 4 facsimile letter The stamp shown
here was issued by the Post Office in commemoration of the advent of
satellite communication The stamp shows  the satellite ECHO T used
by NRL in its earth-to-satcthite-to-carth transmussion of the hrse space
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THE FIRST SHIP TO BE EQUIPPED FOR SATELLITE COMMUNICATION, THE USS OXFORD

This ship was equipped by NRL to demonstrate the feasibility of ship-to-shore satellite communication. One-way transmissions
to the ship were accomplished in 1961, and two-way communications in 1962. This demonstration resulted in the Navy's escablish-
ing the first operational worldwide satellite communication system. The antenna can be seen an the stern of the ship tsee heavy

AFFOW).

circuit.” To increase the system's capability,
NRL provided multiplexing circuitry which
permitted transmission and reception of two
teletype channels simultaneously on a common
antenna. This was first demonstrated in full two-
way twinplex communication over the moon
circuit between the USS OXFORD and the
CMR installation at the Naval Radio Station,
Cheltenham, Maryland, which had been modified
for multiplex operation at the higher frequency
(25 Feb. 1904).

NRL's results led to the Navy's establishing
the first operational worldwide satellite
communication system, with six ship and four
shore station installations. (1964-1969). The
Navy's lower frequency CMR  point-to-point

system was disestablished, and its antennas were
used in the shore installations of the new system,
located at Cheltenham, Maryland: Wahiawa,
Hawaii: Okinawa: and Oakhanger, England.
The system went operational with the USS OX-
FORD on 25 Feb. 1964 and was designated
“TRSSCOM" ( Technical Rescarch Ship Special
Communications). Other ships added were the :
USS GEORGETOWN (1965, USS JAMES- !
TOWN (1966), USS LIBERTY (1967), USS ‘
BELMONT (1968), and USS VALDEZ (196). ‘
NRL provided considerable technical assistance l

|

in bringing about these installations. The system
gave  very satisfactory  performance  for  che
particular mission carried out by these ships.
Considerable communication trathc was handled
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from many parts of the world. However, due
to financial retrenchment, cthe ships were placed
in reserve status, with the system operations
suspended (August-November, 1969).

NRL Sugar Grove Satellite Communication
Research Facility

After investigating many possible sites in the
United Scates with respect to adequate sky
coverage, low radio noise level, and the impact
meteorological and geophysical characteristics
might have on the large antennas it planned to
erect, the Laboratory selected a superior site
near Sugar Grove, West Virginia (1955-1956). It
formally acquired this site from the Forestry
Service of the Department of Agriculture in
June 1961. To preserve its low-noise quality,
NRL brought about the establishment of the
National Radio Quiet Zone, encompassing
its Sugar Grove radio research site, the world’s
only area where local sources of radio emis-
sions are controlled so as not to interfere with
observations such as low-level emissions from
distant sources in space (1958).222 Control
procedures, established through agreement with
the Federal Communications Commission,
require that all proposals for radio transmitting
installations in the 12,000-square-mile zone be
investigated by NRL for possible interference
before they are authorized. Through a procedure
with the Federal Aeronautics Administration,
facilities for aircraft which might result in radio
interference are also controlled. The zone in-
cludes the National Radio Astronomy Observa-
tory, which takes advantage of the low radio
noise level in making its radio-astronomy obser-
vations. For its initial installation at the Sugar
Grove site, NRL developed the first directive
antenna system to be automatically steered
in accordance with prearranged recorded
programs with the use of digital computer
techniques, making possible the automatic
acquisition and tracking of satellites having
known orbits (1958).22% This antenna, a 60-foot
paraboloid capable of efficient operation at
frequencies up to 4000 MHz, has been used for
many types of observations, including those

123

required to maintain surveillance of the “quiet
zone.” In addition to providing initial experience
in the digital steering of directive antennas, it
has served in the solution of many problems
associated with the design of larger antennas
such as those concerning radio-frequency feed,
pointing, and drive. The experience acquired
has been utilized by NRL in its design and erec-
tion of a 150-foot-diameter antenna at the Sugar
Grove site capable of efficient operation at fre-
quencies up to 4000 MHz (1966).22¢ Ies novel
design provides a large aperture with high surface
and pointing precision at low cost. A similar
300-foot antenna has been designed by NRL for
future research.®®

NRL Waldorf Satellite Communication
Research Facility

In anticipstion of the use of frequencies
above 4000 MHz for milicary satellite com-
munication, NRL provided a new research
center facility, called the NRL Waldorf
Satellite Communication Facility, which has
an effective capability at frequencies as
high as 20,000 MHz. This facility has a capa-
bility superior to that of any facility presently
available for performing satellite-communica-
tion experiments (1973). The outstanding
characteristics of the NRL Waldorf equipment
were recognized by NASA, when that agency
requested the Office of Naval Research to
procure an additional antenna of the type used
at Waldorf for its own use. The installation
of this equipment at NASA's Wallops Island
site was completed in 1968. The NRL facility,
completed in 1967, is located on a former Nike
missile site .r Waldorf, Maryland, acquired
from the Army in 1962. It comprises a 60-foot,
parabolic, cassegrainian antenna of the highest
steering accuracy and flexibility and associated
with appropriate equipment. A 25-kW trans-
mitter, an advanced low-noise receiving system,
and an antenna steering computer with on-line
data processing and recording capability pro-
vide excellent instrumentation for satellite
communication investigations.??® In addition
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NRL'S SUGAR GROVE, WEST VIRGINIA SITE
The antenna shown here is NRL's 150-foot parabolic reflector at Sugar Grove, West Virginia. This antenna is used for various

space-research projects. It was designed by NRL (1966).

to maintaining close surveillance over the con-
tractor for the antenna, the Laboratory provided
the digital interface equipment, including con-
soles for computer control of the antenna system
and the programs (software) for pointing the
antenna at any celestial body or any satellite for
which data is known, including corrections for
atmospheric poincing errors. The Laboratory's
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in-house effort has also provided the receiving,
data processing, transmitter and receiver moni-
torin g and safety equipment.

Communication with Active Satellites

In addition to its moon-relay-system work,
NRL proposed a research-and-development
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NRL'S SATELLITE-COMMUNICATION RESEARCH FACILITY AT WALDORF, MARYLAND

This research facility has a capability supetior to any of its type (1973) and is effective at frequencies as high as 20,000 MHz.
It comprises a 60-foot, parabolic, cassegrainian antenna of highest steering accuracy (center), a 25-kW transmitter (building
in front of antenna), antenna control, computer control, data processing, receiving and modem equipment (buildings at extreme

left), and laboratory work space (buildings in background).

program directed to active satellites which would
serve as transponders in relaying communications
over long distances (1957). This program was
forwarded to the Navy Department to obtain
sponsorship. NRL later developed the proposal
in further detail, which included the availabil-
ity of a ship adequately equipped for satellite-
communication experiments, with which ob-
servations could be made in those parts of the
world of particular Naval operational interest

(1959). This proposal was adopted by the Navy,
issued by the Chief of Naval Operations as the
Navy's Satellite Communication Plan, and trans-
mitted to the Office of the Secretary of Defense.
The cognizant office (Advanced Research Projects
Agency) had under consideration the development
of an active communication satellite system which
would be used jointly by the several military
services, and in 1960 set up a program to
pursue this objective.??” Due to difficulties in
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matching satellite design with launching-vehicle
capability, the program was modified by establish-
ing a joint project with the National Aeronautics
and Space Administration (NASA) to utilize their
SYNCOM satellites then underway (1962). In
furtherance of this project, the Army provided
ground terminals located at Fort Dix, New Jersey,
and Camp Roberts, California. As proposed by
NRL, the Navy provided a ship, the USNS
KINGSPORT (TAG-164), with experimental
equipment, which became the world’s first
ship terminal equipped for operation with
active communication satellites (1963)3228
When the SYNCOM I satellite was launched
(14 Feb. 1963), the USNS KINGSPORT be-
came the first ship to transmit and receive a
voice message via an active satellite. When the
SYNCOM 11 satellite was placed in its syn-
chronous orbit over Madagascar (26 July
1963), the USNS KINGSPORT, stationed in
the harbor at Lagos, Nigeria, passed the first
telephone conversations via satellite between

heads of government (President J. F. Kennedy
and Nigerian Prime Minister Sir A. T. Balewa,
23 Aug. 1963), inaugurating the space craft2®
SYNCOM 1 utilized 7360 MHz for the uplink
frequency and 1815 MHz for the downlink (2
watts). The communication with the USNS
KINGSPORT took place as the satellite ap-
proached its synchronous orbit. Shortly there-
after, the satellite became inoperative.22® After
the early SYNCOM 11 trials, the ship was moved
into the Mediterranean area for operational
demonstrations with the U.S. Sixth Fleet via the
satellite. The first demonstration of two-way
voice communication from an aircraft in flight
to a ship underway via satellite took place be-
tween a Navy aircraft off the Virginia coast and
the USNS KINGSPORT located south of
Morocco (2 Oct. 1963).2% The ship proceeded
to Guam and supported the launching of SYN-
COM 111 when that satellite was placed in orbit
over the International Date Line (19 Aug. 1964).
NRL provided key technical information in

FIRST SHIPBORNE ACTIVE SATELLITE COMMUNICATION TERMINAL

The USS KINGSPORT (TAG-104) became the world's first ship terminal equipped for operation with active communication

satellites (19631 It was the first ship to transmit a voice message via an active satellite (1963). NRL proposed this installation,

which had the largest parabolic fully steerable antenna to be installed on a ship.
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planning the communication capabilities and
instrumentation for this ship, maintaining sur-
veillance over its construction at contractors’
plants and during trials aboard ship. The Labora-
tory was particularly concerned with the design
of the ship's special antenna and its associated
controls. This 30-foot, fully steerable parabolic
antenna mounted in a radome and stabilized to
compensate for ship motion, was the largest tc
be installed on a ship up to thar time (1962). Its
three-axis design provided effective tracking of
satellites, particularly those passing immediately
overhead. The ship’s capability mactched that of
the entire system for simultaneous transmission
and reception of voice, teleprinter, and facsimile.

The SYNCOM satellites were the first to be
placed in a circular equatorial orbit, revolving
nearly synchronously with the earth’s rotation
at an altitude of about 19,300 nautical miles.
This orbit permitted them to be relatively
stationary at a particular longitude and thus to
be capable of providing continuous 24-hour
communication service. Three such satellites,
equally spaced about the equator, were planned
to provide communication coverage of the globe
(95 percent), with the exception of the extreme
polar caps.

The Defense Satellite
Communication System

The responsibility for providing a Department
of Defense Satellite Communication System
(DSCS), which would be utilized jointly by the
several military services, devolved upon the
Defense Communication Agency (DCA)
(1962).231:232 After extended considerations a
plan was adopted to launch a series of geosta-
tionary (near-synchronous) satellites to obrain
operational experience. The system resulting
therefrom was designated the Interim Defense
Communication  Satellite System (IDCSS,
later called DSCS, Phasc I). As the plan evolved,
the Air Force became responsible for the de-
velopment of the satellites, for placing them in
orbit, and for the development of their airborne
terminals. The Army became responsible for the

ground terminals, and the Navy for its shipboard
terminals. The Laboratory worked closely with
the Navy Department offices concerned and with
DCA to provide a capability in the joint system
adequate to serve Navy requirements.

Satellite Characteristics

The Extraordinary Administrative Radio Con-
ference, held at Geneva, Switzerland, in 1962,
and attended by representatives of 70 nations
including the United States, agreed to the
frequency channel assignments for use by com-
munication satellites.?8! An NRL staf member
was the U.S. Navy representative on the execu-
tive committee of the Incternational Radio Con-
sultative Committee, the technical advisory body
to this conference, and made certain that the
Navy's interests were adequately considered.
Furthermore, the Laboratory provided necessary
technical information to support the Navy's
position. The United States ratified the agreement
of the conference in 1964, and accordingly the
frequency channels in the 8000-MHz region were
designated for the uplink and those in the 7000-
MHz region for the downlink of cthe DSCS,
Phase | satellites. In NRL's consideration of
the technical characteristics proposed for these
satellites, that of frequency bandwidth was of
particular concern. The design originally
proposed provided a very wide pass bandwidth
for the satellite, suitable for operation with
high-power ground terminals with large antennas,
but not with the small antennas and the lower
transmitter power which had to be used on ships.
In addition to this lower transmitter capability
to operate the satellite, the Navy terminal had
to contend with lower signal-to-noise ratio
received from the satellite due to the spreading
of its transmictter power (5 watts) over the entire
bandwidth. NRL succeeded in having the fre-
quency bandwidth of the DSCS, Phase 1
satellites reduced so as to make ship terminal
operation effective (from 40 MHz to 20 MHz)
(1966). A total of 26 DSCS satellites were
placed in geostationary equatorial orbits in
four launchings with Titan 111 C vehicles during
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60834 (374)

DEPARTMENT OF DEFENSE SATELLITE COMMUNICATION SYSTEM
(DSCS-1) SATELLITES

For this first operational system, 26 sactellites were launched into geo-stationary equatorial orbits
during the period from June 1966 to June 1968, and were disposed around the world to provide
continuous coverage. NRL participated 1n determining the characteristics of these satellites to make
certain that their performance was adequate to meet the Navy's operational requirements.
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the period between 16 June 1966 and 13 June
1968.2% In carrying out its investigations, NRL
utilized practically every one of these satellites.

Target Photo Transmissions,
Southeast Asia to Washington

NRL provided the Washington terminal for
an urgent DCA-directed project (Compass Link)
established for the transmission of target
photographs of greatly superior quality from
South Vietnam for use by high-level ofhcials in
Washington in authorizing attacks in Southeast
Asia (1967). A unique circuit was established to
cover the great distance using two DSCS satel-
lites with a ground repeater located first on the
west coast of the United States and later on Oahy,
Hawaii to equalize the distances spanaed. Using
its Waldorf satellite-communication facility,
NRL was successful in receiving the first two-
satellite-hop transmissions, which were at the
highest rate attained up to that time for
encrypted digital data over a radio circuit.
The transmissions resulted in photographic
reproductions of highest quality, adequate
for planning military actions. The military
objective of the project was carried out success-
fully. NRL concinued o provide this service
during most of 1967 and for some time thereafter.

Navy Shipboard SATCOM Terminals

As the Navy Department proceeded with the
procurement of satellite terminals for installa-
tion on its ships, the Laboratory participated in
defining their technical features. One factor of
particular importance was the size of the directive
antenna, in view of the relatively low transmitting
power of the DSCS, Phase I satellites. Since the
communication capacity of the terminal was
dependent upon antenna size, and since the super-
structure space aboard ship was limited, a com-
promise was required. NRL conducted an
investigation, the results of which assured the
Navy that directional antennas of acceptable
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size would provide substantial shipboard
communication performance with active
satellites (1964). To obtain the necessary
data, NRL made measurements on SYNCOM 1l
satellite transmissions received by an eight-foort-
diameter parabolic antenna tnstallation at its
local site. Confirmatory measurements were made
using SYNCOM Il with a 60-foot antenna,
which, with reduced transmitter power and
received-signal artenuation, provided simulation
of a six-foot-diameter antenna. The results
showed that a six-foot-diameter antenna, which

60834 (375)

SATELLITE COMMUNICATION TERMINAL,
MODEL AN/SSC-2, INSTALLED ON THE USS
CANBERRA (196%)

This antenna had a G-foot Jiameter Results experienced with
this antenna using SYNCOM 11 and SYNCOM 111 satellites
confirmed the results of NRL's investigations that directional
antennas of acceptable size would provide substantial ship-
board performance with active satellites
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was specified for the Navy terminals, would
assure substantial communication capacity. In
its first procurement the Navy obtained two
terminals (Model AN/SSC-2, 5 kW) with six.
foot-diameter antennas, which were installed on
the cruiser USS CANBERRA and the aircraft
carrier USS MIDWAY. Experience with these
equipments using SYNCOM 11 and SYNCOM
111 satellites further confirmed the feasibility
of shipboard operation with antennas of this size
(1965).23%8 However, further terminal develop-
ment work w:s required, since the operational
frequencies for military communication satel-
lites were somewhat altered, and since these ex-
perimental equipments lacked certain features neces-
sary for Naval service. In a subsequent procure-
ment, seven terminals (Model AN/SSC-3, 5 kW)
were obtained, the first of which was installed on
the guided-missile cruiser USS PROVIDENCE for
trials during a major fleet exercise held in No-
vember 1966.2% While some service was obtained
from the AN/SSC-3 equipments, NRL's investiga-
tions of them in installations on the USS
WRIGHT and at the Laboratory disclosed many
serious deficiencies, both electronic and mechani-
cal. These deficiencies included reception preampli-
fication, antenna pointing, and inaccessibility of
components relative to maintenance. They were of
such import as to render the equipments unsuit-
able for normal operational service.23® These defi-
ciencies were thoroughly studied with the 8SC-3 in-
stallation at NRL. The information obtained, to-
gether with that which could be secured from ship-
board operations, was utilized in the development
of improved equipment for general Naval use
(AN/SSC-6).

Acquiring Satellites from
Shipboard Terminals

Means must be provided on ships for pointing
the tight beams of the parabolic antennas ac-
curately from any position on the high seas so
that the beacon signal emitted by the satellite
for acquisition and tracking can be picked up.

Once the beacon signal is received, tracking is
automatic. The transfer from one satellite to
another must also be made expeditiously to avoid
interruption to communication. NRL devised a
satellite-acquisition procedure, based on
tables generated by a computer program,
which proved to be quick, simple, and effec-
tive for the Navy SATCOM shipboard
terminals (1966)2% The procedure was found us-
able with any aear equatorizl-synchronous satellite
available. It replaced an acquisition method pro-
vided by the contractor for the SATCOM terminal
which was found to be cumbersome and impractical,
since it required extensive transmission of data to
the ships. In using the NRL procedure with the
DSCS-1 satellites which drift eastward 30 degrees
per day, information in addition to the tables must
be supplied a ship only once a month. This NRL
procedure was adopted by the British for their SAT-
COM terminals.

Navy Procurement of Shipboard
Satellite Terminals

In addition to the work already cited, NRL
conducted several investigarions essential to
satisfactory shipboard operation in preparation
for the Navy's subsequent satellite procurement
(Model AN/WSC.2). NRL devised a “flow-
diagram” technique to facilitate the solution of
SATCOM antenna-design problems concerning
angular position, velocity, acceleration, and the
externaily applied forces and torques required
for such motion in tracking satellites under the
conditions of yaw, pitch, and roll experienced in
various sea states (1970).287 The results NRL
has obtained in applying this technique to the
solution of ship SATCOM stabilized-antenna
problems, including the question of two-axis
versus three-axis type structure, have been used
in preparing specifications and evaluating pro-
posed designs for the AN/WSC-2 terminals
(1970).238 The flow-diagram technique
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SATELLITE.COMMUNICATION TERMINAL, MODEL AN/SSC-3, AS INSTALLED ON NRL'S ROLL AND
PITCH PLATFORM FOR PERFORMANCE INVESTIGATIONS (1967)

The results of NRL's investigations of the many dithculues with these cquipments have led to proposed modifcations., ¢
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also  has applicaton w0 other ume.varying
coordinate systems such as weapons control,
navigation, and guidance systems. NRL also
devised a computer method for sinng SATCOM
antennas 10 anstallauons on varnious classes of
<hips to avord the geometric blockage caused by
ship superstructure elements when tracking
satellites, and 0 mimimize  difhculties  with
radiation-hazard areas (19701 2% With this
method, computer models of several ships were
developed and used. Actual measurements tahen
aboard the USS WAINWRIGHT (DLG 28) have
shown excellent agreement with coverages deter-
mined trom the computer model of the same
hass ship tDLG 39 The need tor more than one
antenna nstallaton aboard certain classes of
ships to provide tull hemispheric coverage and
thus to avord 1arerruptions to communications
was also assessed In another invesagauon, NRL
Jdetermined the vulnerability of SATCOM shap
twrminals o detection through intercepuion by

ships and aircrafe (1969) 2 Improvements in

antenna  design which would minimize  thas
vulnerabiliey were also determined

NRL investigated the effect of the relative
motion of satellite repeaters in orbit and ship
terminals subject to yaw, roll, and pitch, on
SATCOM system performance (1969).2¢! The
results of NRL's investigation have been
utilized in specifying requirements in the
procurement of the AN/WSC-2 ship SATCOM
terminals. It was determined that the
change in transmission frequency experienced
at the ship recewver due to this relative motion,
te, Doppler, was of a magnitude sufficient to
affece adversely signal acquisition and signal
tracking It was found that sausfactory opera-
tion (ould be obtained through Doppler com.
pensation achieved by shifting the transmitter
oscillator  frequency and the receiver local
oscillator  frequency 10 opposite  directions
proportional to their respective frequencies
Reference to the frequency of the satelhite
beacon signal, provided for tracking the satellite
trom the ship terminal, permits making the

compensation automatic and in the correct
amount.

Through a parametric analysis, using data
obtained in experiments including those aboard
the USS WRIGHT with the AN/SSC-3 terminals
and the DSCS, Phase 1 satellites, NRL deter-
mined the communication circuit capacity
relative to antenna size which could be ex-
pected from Navy shipboard SATCOM
terminals (1966-1967).242 The results obtained
verified that communications adequate for Naval
requirements could be obtained with parabolic
antennas of a size compatible with several classes
of Navy ships. This confirmed the choice of antenna
size for the AN/WSC-2 SATCOM terminal. The
effectiveness of modems (modulator-demodulator)
is also a factor which must be considered in deter-
mining SATCOM system capacity. The very broad
pass band possible with satellite repeaters operat-
ing at superhigh frequencies permits the use of
unique modulation techniques for information
transmission. The modem can be designed to pro-
duce a signal superimposed upon pseudonoise gen-
erated in accordance with a specific code, making
the presence of the signal unresolvable on recep-
tion without proper decoding. In this “spread-
spectrum” type modem, the signal and noise are
spread over a certain portion of the frequency spec-
trum and communication-channe! establishment,
and separation is accomplished through the use of
various codes. NRL's investigations of spread-
spectrum modems (AN;/URC-61 (X), AN/URC.
9%), procured under DCA-Army contract for use by
the several military services, disclosed that they were
not suitable for ship SATCOM system operation
fequiring communication-circuit nesting configura-
tions. In modifying the AN/URC-61 (X) modem,
NRL developed multiplex carrier-suppressed pulse-
duration modulation techniques which for the
first time permitted satisfactory reception with
low signal threshold, making possible shipboard
SATCOM operation under adverse conditions
(1966-1968).343 This modulation technique was util-
ized in the Navy SATCOM terminals (AN/SSC-6),
which followed. Up to four voice channels with
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teleprinter order-wice or additional celewriter chan-
nels as alternates to voice channels are available
with these techniques. NRL provided a modem
using these techniques which has markedly in-
creased the capacity and performance of a Navy
satellite-communication circuit between Guantan-
amo Bay and Norfolk, Virginia (January 1970). Sub-
sequently, NRL, with the aid of a contractor, also
developed a modem incorporating new NRL-
devised techniques thac provided many more chan-
nels of high-quality voice, teletypewriter, and data
transmission, with a high degtee of reliability and
flexibility. The new modem techniques have made
possible simplicity and compaccness in design, with
ease of operation and maintenance at a fraction of
the communication-channel cost as compared with
earlier spread-spectrum modems.

The Defense Satellite Communication
System, Phase 11

After the planning of the DSCS-1 was well
underway, efforts were initiated under the
cognizance of DCA for an advanced system
(DSCS-ID  having greater communication
capacity and flexibility. Since their beginning
in 1965, NRL has participated in the Defense
Communication Agency planning considera-
tions to make certain that the performance
of the new DSCS-II satellite repeaters was
adequate to meet the Navy's foreseeable
requirements and that the Navy SATCOM termi-
nals (AN/WSC-2) were designed to take full ad-
vantage of the advanced characteristics of these
repeaters as well as to operate satisfactorily with
the DSCS-I satellite repeaters. The DSCS-II sys-
tem provides worldwide national military com-
munications for command controf as a part of
the Defense Communication System, linking
toge:her the US. forces dispersed around che
globe and with the national command authorities
in Washington, D.C.24¢

The results of NRL's investigations, pre-
viously described, were utilized in defining the
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features of the DSCS-II system and the char-
acteristics of its satellites of consequence to
the Navy. An additional investigacion of impor-
tance to system design was directed to deter-
mining the problems involved in “satellite
multiple access™ and their solution. The number
of SATCOM terminals which simultaneously
can use a satellite without mutual interference
is limited principally by the power output of
the satellice. In experiments to obtain data on
this and other factors, NRL participated in a
joint effort using its Waldorf, Maryland SAT-
COM Research Facility cooperatively with the
USS WRIGHT, using its AN/SSC-3 terminal,
the U.S. Army, using its Forc Dix and Fort
Monmouth terminals, and the British, using
their terminals at Christ Church, England, and
Cyprus (November 1957-—March 1968). The
DSCS-1 satellites were over the Atlantic Ocean.
The data collected confirmed the results of prior
analysis and showed that if a satellite repeater
is to serve the maximum number of terminals
simultaneously and without mutual interference,
its output power must be controlled by a power
balance of the several terminal transmitters so
that each receiving terminal obtains power
propostional to its receiving capability and
data rate. Procedures were Jdevised using pscudo-
noise which through spread-spectrum modula-
tion of the sacellice permits che proper power
balance to be achieved quickly and easily.
During the investigation, the level of a jamming
signal above the power-balance level of the
satellite required to cause degradation of the
repeater performance was also determined.
The information obtained in the several investiga-
tions served to guide the development of the
DSCS-11 system and its satellites.

Prototypes of the DSCS-11 satellites have been
constructed with a total capability of 1300 duplex
voice channels, or up to 100 megabits in data
transmission, to serve the several military ser-
vices and to be apportioned among them. The power
output of the transmitter is enhanced by antenna
gain from two alternate antennas—an earth-
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coverage antenna (gain 17 dB), and a narrow-
coverage antenna (gain 33 dB). The design of the
satellites includes provision for maintaining them
in fixed longitudinal positions which will simplify
their acquisition by mobile terminals. The satellites
were planned for a life of five years.

In preparation tor developments beyond the
DSCS-II system, NRL has studied the potential-
ities of radio frequencies in the range of 10,000
to 100,000 MHz, a part of the radio spectrum
virtually unoccupied (1965-1968)240:2¢¢ However,
this is a region where oxygen and water vapor in
the atmosphere introduce considerable attenua-
tion jnto the signal path. Precipitation also causes
energy loss due to scatter. Nevertheless, as these
impediments are contended with, a tremendous
number of satellite-communication channels are
made available. The reduction of antenna size and
increased communication capacity at these frequen-
cies is normally of considerable importance in ship-
board installations.

Tactical Satellite Communication
System (TACSATCOM)

In 1965, concern arose regarding the capability
of the DSCS to provide adequately for the “tacti-
cal” communication needs of the Army, Navy,
and Air Force in addition to “strategic” com-
munication needs, which are considered its
principal function, and of particular interest to
DCA. As a result, the Deputy Director of De-
fense authorized the military departments, with
the guidance of the Director of Defense Re-
search and Engineering, to initiate action to
explore the use of satellite repeaters “to provide
the fluid and flexible response normally asso-
ciated with the expression ‘tactical’ communica-
tion” (October 1965). The Army, Navy, and Air
Force were to proceed with their respective
terminals. The Air Force was to provide the
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satellites, designed and orbited to meet the joint
requirements. The services, under the “guiding
direction of the Joint Chiefs of Staff,” were re-
quired to “initiate planning for future opera-
tional use of tactical satellite communications.”
A "TACSATCOM Executive Steering Group,”
with members representing the respective ser-
vices, was established to conduct the resulting
program as a joint effort.

The UHF band (225 1o 400 MHz), assigned to
the military for tactical communications, had
been limited normally to short-range use due to
cutoff of transmission at the horizon. Future
disposition of ships, particularly for task-force
operations, were planned to extend far beyond
this distance. It was determined that a first
objective in the program would be to assess the
capability of the UHF band and of the large
quantity of existing UHF equipment, installed
throughout the Navy and the other services, to
provide longer range coverage through the use
of satellite repeaters. It was considered that
antenna problems would be much less severe at
UHF than at super-high frequencies. The greater
energy capture of simple UHF antennas was a
favorable factor and might allow the use of the
fixed “blade” antenna with omnidirectional
coverage on aircraft which do not require large
communication capacity. The results of system
studies and communication circuit trials with
experimental satellites (LES 5 and 6) provided by
the Air Force and experimental terminals pro-
vided by each service were encouraging (1967-
1968).24¢ However, NRL found that existing UHF
transmitters and receivers had inadequate fre-
quency stability and flexibility and that the re-
ceivers Jacked sensitivity. Subsequently, new
terminals were procured with single-channel ca-
pacity for aitborne (AN/ARC-146, 1 kW) and
mobile (AN/TRC-156, 20 W; 157, 1 kW; AN/
MSC-58, 100 W) functions. However, the ship
terminals procured (ten Model AN/WSC-1, 1
kW) were designed to provide up to five voice or
teleprinter channels, as recommended by NRL,
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TACTICAL COMMUNICATION SATELLITE H

TACSAT-, launched 9 Feb. 1969 for military communications use, dwarfs the SYNCOM-1 model,
the first Department of Defense satellite. Using satellite SYNCOM.I the USNS KINGSPORT,
with the installation originally proposed by NRL, became the first ship to transmit and receive
a voice message via an active satellite (14 Feb 19063
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so that larger communication capacity would be
available to serve shipboard needs. TACSAT,
a satellite of special design, was provided by
the Air Force and launched 9 Feb. 1969.%47 The
evaluation of the system which followed included
tests of the several types of terminals with
voice, teleprinter, and data transmission (1969-
1970). The evaluation established the feasibility
of using satellite repeaters to extend the range of
ship-ship and ship-shore UHF communications to
such ranges beyond the horizon as are included in
the area of the earth covered by the satellite an-
tenna beam. The evaluation also showed that air-
craft could use the system successfully for limited
communication capacity.

NRL participated the TACSATCOM
program from its beginning, with regard to those
technical aspects of importance to the Navy. In
proceeding with this program, NRL made
contributions to the determination of the
characteristics of the system and equipment, to
studies for the adaptation of existing UHF
equipment, drafting of specifications for new
equipment, monitoring of contractors during its
procurement, devising of evaluation plans, and
to projection of the results obtained to deter-
mine the next phase of the program. Further-
more, since the cost of the previously developed
satellite terminals would limit cheir installa-
tion in the Navy, the Laboratory developed a
simplified terminal of low cost for small ships.
Two such terminals were assembled and their
performance through the TACSAT.l satellite
demonstrated, to provide an
example of how costs could be reduced in future
procurements (December 1970).

in

satisfactorily

COMMUNICATION AT THE LOWER
RADIO FREQUENCIES

Introduction

The radio frequencies below the broadcast
band have been designated “very-low frequencies
(VLF),” 3 to 30 kHz;, "low frequencies (LF),"
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30 to 300 kHz; and “medium frequencies (MF),”
300 to 550 kHz. The Navy was early to appreciate
the value of the very-low frequencies for long-
distance communication from shore to its ships
at sea. Very high power could be radiated from
the huge antennas used at these very-low fre-
quencies, which made worldwide coverage
feasible. By the end of World War I the Navy
had established a chain of high-power arc sta-
tions, giving coverage of much of the Atlantic
and Pacific Oceans.?4® Since then, this chain has
been augmented with additional stations to
increase coverage and modernized as new de-
velopments, such as vacuum-tube transmitters,
became available through the years to give the
system greater performance (0.5 to 2 MW, 12
to 30 kHz).2® The low and medium frequency
bands carried the major portion of the com-
munication traffic from the Navy's shore stations
before the advent of high frequencies.

Prior to the development of the high-frequency
band, the Navy relied principally upon fre-
quencies in the range from 175 to 550 kHz for
transmission from its ships. In this frequency
range, antennas were small enough to be accom-
modated aboard ship and could provide accept-
able radiation efficiency. But only a few such
antennas could be installed on a ship and be
free of serious interaction. As Naval radio-
communication requirements increased and high-
frequency-band developments were able to meet
them, the lower frequency shipboard transmitting
facilities were displaced. Since the 1950's, lower
frequency transmitting facilities no longer have
been provided for Naval vessels except for very-
short-range transmissions in the medium-fre-
quency band, using small antennas and for certain
special installacions. However, relinquishing
these facilities resulted in the loss of a capability
of solid commuaication coverage out to a range
of 300 miles. This range capability is of impor-
tance in task-force operation, and provision of
backup for communication is needed in case of
the occurrence of high-frequency blackouts
experienced in operations from time to tim
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With respect to reception, the Navy provided its
ships with a capability of receiving the lower fre-
quencies, particularly for Flee: broadcasts.

Radio-Wave Propagation at the
Lower Frequencies

The propagation of radio waves over the sur-
face of the earth at the lower frequencies received
considerable attention during the period of the
early development of radio communication,
which took place principally in this frequency
band. The Navy conducted investigations through
which the first equation for radio-wave propaga-
tion, supported by experimental observations,
was formulated (1911).2% It became known as
the Austin-Cohen formula. The accuracy of this
equation and its frequency range (75 to 300 kHz)
were improved (12 to 1000 kHz) through a long
series of observations on long-distance, trans.
Atlantic transmissions extending until 1931. As
modified (1926),%5! the expression continued to
have relevance 252

When the Laboratory began its work in 1923,
its propagation effort was directed to the high-
frequency band, then under exploration. The
lower frequencies received only limited atten-
tion until later. In 1934 the Navy had experi-
enced considerable dificulty in the handling of
communication traffic on the lower frequencies
between the radio stations of its Atlantic coastal
chain and between these stations and ships at
sea. The Laboratory was requested to investigate
this situation and propose necessary changes.
Using mobile field-intensity-measuring equip-
ment, a survey of the coverage of these stations
was conducted which included those at Boston,
New London, New York, Washington, Norfolk,
and Charleston, located at the respective Navy
Yards and operating at 100 to 500 kHz (1934-
1935). In addition to field strength, noise levels
and noise-source locations were observed. The
survey led to the relocation of some sites, the
rearrangement of both transmitting and receiving
equipment and anteanas, the shielding of certain
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components, and the addition of some aew equip-
ment. Adequate received signal levels resulted.?58
From time to time NRL was called upon to con-
duct similar surveys on which to base corrective
action for difficulties arising in both shore and
ship inscallations.

Early in World War II, Naval ships reported
high daytime noise levels when in the vicinity
of Newport, Rhode Island which interfered with
reception of the 18-kHz transmissions from the
high-power station at Annapolis, Maryland (NSS).
Similar interference was reported with the
reception of the [8-kHz transmssions from the
Rocky Point, New York station by ships when in
the vicinity of Norfolk, Virginia. In investigating
the difficulty, the Laboratory noted that at the
particular distance, approximately 325 miles,
the signal level was abnormally low, and opera-
tors, while increasing signal amplification, had
also increased the noise level. At night the signal
level at both locations became abnormally high.
Heretofore, it was generally held that VLF radio
waves propagated, even to their greatest detect-
able distances, via a wave along the ground. This
investigation demonstrated that the abnormaily
low daytime field strength at the distance indi-
cated was produced by the destructive inter-
ference between the ground wave and the first
reflected wave from the ionosphere. NRL's
observation made in 1942 resulted in an early
recognition of the “modal effect” in the
propagation of very-low frequencies, later
considered of importance. 2%

Severe high frequency blackouts had caused
serious interruptions to communications between
the Navy's ship operating in the Bering Sea and
the Alaskan shore stations. NRL was requested
to determine the utility of the lower frequencies
as an alternate system for the arctic and subarctic
regions. In conducting a survey of radio field
strength, NRL established measuring equip-
ments ar Adak, Nome, Kodiak and Point Barrow.
Observations were made of transmissions from a
balloon-supported antenna aboard the USS
BURTON ISLAND (100 and 150 kHz) operating
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in the Bering Sea, and from stations located at
San Diego, California (54 kHz): Pearl Harbor,
Hawaii (16.68 and 198 kHz), Adak, Alaska
(100 and 155 kHz). and Rugby, England (16.0
kHz) during 1951.285 Although measurements of
atmospheric noise leve! had been made by NRL in
the Baffin Bay area during July and August 1946,25
in view of the scarcity of noise data additional
measurements were made at the sites stated
(1951).287 Additional work was done with the ice-
breaker USS EDISTO operating in the North
Atlantic in the Greenland and Iceland areas, using a
1000-foot-high balloon-supported antenna
(1953 and 1955).25% From the data obtained, it was
established that one kilowatt of power radiated on
100 to 150 kHz from Naval vessels operating in
arctic waters could provide reliable communication
with shore stations with a range of 1500 miles.

Long-Wave Propagation Center

Since 1962 the Laboratory has been designated
by the Navy to maintain the “Navy Long-Wave
Propaganion Center,” which acts as a central
agency in the acquisttion, reduction, analysis,
and promulgation of all available information
pertaining to radio-wave propagation and atmo-
spheric noise at the lower trequencies. This
tunction s intended o advance the capability
ot the Navy's communication systems using these
frequencies.?8® The Center develops means to
enable highly rehable worldwide predictions of
signal strength and atmospheric noise levels to
be made under all possible conditions of trans-
mitter and receiver locations, nime and season,
enemy  countermeasures,  and  variations  in
propagation paths. In furtherance of a coordinated
Navy program, all work in the field s monitored
by the Center, and guidance is furnished other
Navy laboratories and contractors engaged in
the program.

Radio-Wave Propagation at the
Very-Low Frequencies

NRL conducted the first thorough world-
wide radio-wave propagation program to

determine che capability of the Navy's chain
of high-power, very-low-frequency stations
to commuanication with its Polaris submarines,
wherever they might be. The importance of
command communications to control the nation's
undersea nuclear deterrent had focused attention
on the coverage, continuity, and reliability of
the Navy's transmission system. Any inadequacies
disclosed by the investigation would be corrected
to insare satisfactory performance. ln carrying
out the program for the Atlantic Ocean, Mediter-
rancan, and Arabian Sea arcas, the ficld strengeh
of received signals and atmospheric noise levels
were recorded at Hammerfest, Bodo, and Var-
haug, Norway., Rome, ltaly. Haifa, Isracl; and
Karachi, West Pakistan on transmissions from
the Navy's stations at Annapolis, Maryland (NSS,
15,5 and 223 kHz). Jim Creck, Washington
(NPG, 186 and 24.0 kHa2); Lualualci, Qahu,
Hawaii (NPM, 16.6 and 199 kHz). Summit,
Panama Canal Zonce (NBA, 18.0 kHz) and
Cutler, Maine t(NAA, 14.7 and 18.6 kHz) during
the period from 1958 to 1963, The data collected
were analyzed, correlated with various geophysi-
cal phenomena, and presented in the form of
diurnal charts normalized to 1 kW of radiated
power tor the Navy's use. The staustical relation-
ship of the field strength of the various trans-
missions, atmospheric noise, and rthe signal-to-
noise ratios with the time of day and season of
the year were also presented. Through an analysis
of the daca, it was recognized that greater attenua-
tion was encountered in propagation over Green-
land and the permafrost areas of the Arctic and
sub-Arctic. Using NRL's speaally equipped
aircraft, additonal data were collected in many
flights over the North American Arctic and
Greenland which confirmed this effect (1959-
19606).

When the Navy's high-power, very-low-fre-
quency station at Northwest Cape, Australia
was completed in 1967, the Laboratory was
responsible for the conduct of a similar propaga-
tion program to determine the improvemert in
coverage of the Western Pacific Ocean, Indian
Ocean, and Southeast Asia areas afforded by this
station.  Field-strength  and  atmospheric-noise
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60834 (377)

NRL'S VLF PROPAGATION OBSERVATION STATION AT BODO, NORWAY (1958)

This stanion 1s one of several established by NRL in the castern Atlantic, Mediterranean, and Arabian Sea arcas as part of a
program to determine the capability of the Navy's chain of high-power, very-low-frequency radio stations

measurements were made at observation points
established at Tananarive, Malagasy Republic;
Bahrain Island; and Choshi, Japan (1967-1970).260
Cooperating organizations provided data taken
at Alaska, Hawaii, Philippine Islands, and Guam.
Based on the analysis of the data obtained and
other criteria, NRL recommended 22.3 kHz as
the best frequency for the new station. The Navy
concurred and made the corresponding assign.
ment.

Another phase of very-low-frequency propaga-
tion investigated concerned the diurnal varia
tions of the resultant field at the antipodes of

Navy transmitting stations. This field comprises
the several energy components traveling via the
various global transmission paths and converging
in the region of the antipode. NRL's WV.2 air-
craft was provided with field-strength and phase-
measuring equipment, and recordings were made
of the resultant field in the vicinity of the aati-
pode of the Navy's transmitter at Cutler, Maine
(NAA, 147 kHz) cooperatively by NRL and
members of other organizations (1962),261,262
This antipode was located in the Indian Ocean,
800 miles SSW of Perth, Australia. Similarly,
the resultant field at the antipode of the Navy's
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NRL'S WV-2 AIRCRAFT (1962)

The cutaway views show ¢quipment especially developed by NRL for very-low-frequency propagation observations. Many flights

over large global areas have been made in obtaining data.

transmitter at Lualualei, Hawaii (NPM, 19.8
kHz) was also investigated. Recordings were
made with equipment installed both on the
ground and in aircraft at the antipode in Bots-
wana, Africa (1963).282

An analysis of the data disclosed that the
differences in path characteristics for the several
energy components due to diurnal changes and
variations in attenuation rates for the various
terrains caused a highly complex and variable
pattern to be presented at the antipode. Never-
theless, the field strength is reinforced, and this
results in improved communication capability
in the region of the antipode.

NRL was first to recognize that the earth’s
magnetic field had a substantial influence on

the nighttime attenuation rates of the very
low frequencies propagated in the north-south
(and reverse) direction. Observations which
disclosed this effect were first made in Santi-
ago, Chile on the transmissions of the Navy's
stations at Cutler, Maine (NAA, 14.7 kHz),
Annapolis, Maryland (NSS, 22.3 kHz), and at
Summit, Panama Canal Zone (NBA, 18.0 kHz)
(1963).26% In 1969 the effect was established
theoretically and generally accepted. Prior
to this work only meager propagation data were
available for north-south paths, and theoretical
considerations had not disclosed such an effect.

In determining the field strength provided at
various distances, by the Navy's several very-
low-frequency transmitters, the earth-ionosphere
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interspace has been treated theoretically as a
waveguide with its several modes of transmis-
sion. The theory provides a field-strength-versus-
distance progagation curve with successive
modal interference maxima and minima. To
determine the accuracy of this concept, NRL
made both daylight and nighttime field-strength
observations on transmissions over seawater
propagation paths aboard its aircraft flying
between California, Guam, and Japan. Trans-
missions from Navy stations at Lualualei (NPM,
16.6, 19.6, 223, 24.0, and 26.1 kHz); Haiku,
Hawaii (16.6 and 19.8 kHz2); and Jim Creek
(NPG, 18.6 kHz) were observed during May,
June, and July 1965. Upon analysis the data

SUC A TP 80" 10F N0 138" 150" MO 90" HE'W 50" (38 10" w8 N TS " P 0 W O

obtained for daylight seawater propagation
paths out to 3.5 megameters showed good
agreement with the theory. However, as expected,
the nighttime data showed considerable irreg-
ularity. It had previously been considered by
most investigators that the firsc-order mode was
dominant at distances beyond two megameters.
However, the results indicated that at least
three orders were significant, even at distances
exceeding three megameters. 284

Very-Low-Frequency Communication
Coverage Prediction

NRL was responsible for the development
of a computer program providing prediction
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VLF COMMUNICATION COVERAGE PREDICTION
NRL was first to develop a means of predicting the performance of the Navy's VLF communication system on a worldwide
basis through the use of a computer program (1966-1970). The results are expressed on charts which show field-strength and
signal-to-noise-ratio contours. A typical chart is shown above. This chart shows signal-level contours in decibels above one
microvolt per meter for NAA, Cutler, Maine (17.8 kH2) for the month of July and a time availability of 99 percent.
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of the performance of the Navy’s very-low-
frequency communication system on a world-
wide basis (1966-1970). The Navy continued to
use the information provided through this pro-
gram to determine global transmitter and re-
ceiver site disposition, transmitter power levels,
and the most effective transmitter frequency assign-
ments for maximum transmission reliability. The
information also formed the basis for various
system improvements. This computer program
incorporates propagation parameters determined
by NRL and other organizations, a worldwide
ground-conductivity map, and pertinent solar and
magnetic factors. The program was updated as new
information became available. For selected recep-
tion points, the computer output was automatically
presented as worldwide coverage charts and as diur-
nal graphs, or in tabular form. Worlwide coverage
prediction charts have been provided the Navy for
its several very-low-frequency transmitting sta-
tions. The charts show field-strength and signal-to-
noise-ratio contours on time-of-availability and
probability bases for the seasons of the year. Other
charts show contours of signal-to-jamming ratios,
also on a worldwide basis.

Airborne VLF Transmission

The use of an airborne very-low-frequency
transmitter with a long trailing-wire antenna
has been considered as an alternate to the Navy's
fixed ground transmitting stations (Project
TACAMO). To determine the effectiveness of
such an alternate, NRL measured the power
radiated from such a transmitting system and
the field strength versus distance produced under
flight conditions (26.1 kHz2). The vertical,
effective radiated power (VERP) was found to
vary markedly with the attitude of the antenna
relative to the direction of the observation
point, particularly while orbiting. In level
flight the VERP was, as expected, affected
considerably by the verticality of the antenna.
System performance predictions of the com-
munication coverage of the Atlantic Ocean and
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Mediterranean Sea were made based on the
information obtained (1966-1969). In this work,
NRL was first to determine the radiated
field from a VLF trailing-wire airborne an-
tenna system as a continuous function of
distance out to two megameters, and that
under some situations the field strength had
extremely large fades. Subsequently, NRL
was first to develop a theoretical model which
explained these fades and other unique char-
acteristics of the TACAMO transmissions.

Communication with Submerged

Submarines Via Satellites

Since only the very-low frequencies penetrate
the sea sufficiently to make communication with
submerged submarines practical, NRL con-
sidered the problems involved in a system in
which satellites would be used to provide trans-
missions. The messages transmitted on VHF
or UHF from ship and shore to satellites would
be relayed by them to submerged submarines on
VLF. Theoretical studies had indicated that
the very-low frequencies would suffer some
absorption loss in propagation through the
ionosphere, but that sufficient energy should
pass through to provide satisfactory communi-
cation to submarines. However, experimental
data were not available to confirm the results.

The results of the Laboratory's investigation
of the characteristics of atmospheric radio noise
indicated that the propagation loss of VLF passing
through the ionosphere would be of an accept-
able level (1953-1958).266 This noise is char-
acterized by clicks, crashes, grinders, rumbles,
rattles, and hisses (1953-1958). One type,
possessing a quasimusical note wusually de-
scending in pitch known as “whistlers,” was
given special attention. Generated by distur-
bances such as lightning discharges, whistlers
propagate via the magneto-ionic mode back and
forth between the earth’s northern and southern
hemispheres, the change in pitch permitting
identification of a particular whistler in succes-
sive passages. Recordings on earth showed as
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many as 20 transits of the path between hemi-
spheres by an identical whistler with a cor-
responding number of penetrations of the iono-
sphere, indicating remarkably little attenuation
during penetration. During the International
Geophysical Year (1957-1958) synoptic observa-
tions were made on atmospherics including
whistlers at chains of observation points on both
sides of the American continent, embracing the
Arctic to the Antarctic.

To acquire experimental confirmation, NRL
conducted the first investigation, Project
LOFTI (LOw Frequency Trans lonospheric),
to determine the capability of very low fre-
quencies to penetrate the ionosphere and thus
make possible radio communication trans-
missions from satellites to submerged sub-

marines (1961-1963).2% Since a suitable radio-
frequency power source was not readily available,
the reverse path through the ionosphere, from
earth to satellite, was examined. Two satellites
were launched to obtain the data, LOFTI 1 on
21 Feb. 1961 from Cape Canaveral, Florida,
having a duration of 36 days, and LOFTI1 Il A, on
15 June 1963 from the Pacific Missile Range,
Point Arguello, California, wich a duration of
32 days. LOFTI I achieved an initial orbit with
an apogee of 960 km, a perigee of 171 km, an
apogee of 925 km, and an inclination angle of
69.88 degrees.

As the orbiting LOFTI I satellite passed within
range, signals from the Navy's high-power trans-
mitting station at Summit, Panama Canal Zone
(NBA, 18.0 kHz) were received by the satellite.

47224

NRL'S LOFTI-1 SATELLITE

This NRL satellite was used to determine the feasibility of communication with submerged submarines from satellites on

VLF (1961)
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The received signals were quantized with respect
to their strength, transmitted by the satellite as
frequency modulated-amplitude modulated tele-
metry data via a 136-MHz link, and recorded at
ten ground stations. These stations were located
in North and South America, with one in
Australia. Simultaneously, such “housekeeping”
data as the satellite's skin, internal package, and
solar-cell temperatures and its battery voltage
were also transmitted. With LOFTI 11, the re-
ceived signals from four Navy transmitting
stations were similarly treated by che sacellite.
These stations were NBA (10.2 and 18.0 kHz),
and NPG/NLK (18.0 kHz), Jim Creek, Washing-
ton State; Haiku, Hawaii (10.2 kHz); and
Forestport, New York (10.2 kHz). Telemetry
data were recorded at Stump Neck, Maryland;
Coco Solo, Panama; Barbers Point, Hawaii;
Winkfield, England, Woomera, Australia;
College, Alaska; Santiago, Chile: Mojave,
California; and Fort Myers, Florida.

An analysis of the considerable amount of
data taken with the LOFTI satellites indicated
that energy radiated by the transmitters at very-
low frequency penetrates the ionosphere in
significant degree. Fifty percent of the time the
magnetic-field intensity in the ionosphere is
reduced less than 13 dB at night and less than 38
dB by day due to atmospheric attenuation,
transition loss at the atmosphere-ionosphere
interface, and attenuation due to absorption,
plus spreading loss. The energy at 10 kHz
suffered much less loss than did energy at 18
kHz. The LOFTI experiments have provided
important results relative tc assessing VLF
transionospheric propagation. However, there
remain uncertainties, such as the radiation of
adequate VLF energy in the anisotropic medium
encountered at desirable orbital attitudes which
had to be resolved before a VLF transmitting sys-
tem of predictable performance could be designed
for Fleet use. The resolution of these uncertainties
was pursued for some time.

With respect to radiating adequate power at
the very-low frequencies from a satellite, the
effects of the local electron density in the
ionospheric environment upon the impedance
characteristics of both electric dipole and loop

antennas was examined. The admittance of the
electric dipole (two metal in-line tapes extending
from the satellite, overall 40 feet) remained
capacitive (10 to 18 kHz), but the apparent
capacitance varied markedly as the satellite
moved along its orbital path. The admittance
of the loop was essentially unchanged by the
environment.

Lower Frequency Antennas

NRL has determined the performance and
characteristics of the very-low-frequency
antennas of the high-power radio stations
upon which the Navy relies for communica-
tion with its submarines, particularly when
submerged. The results of the analysis of the
data obtained have been used by the Navy in
its decisions regarding the improvement of
the performance of both the antennas and
transmitters of these stations. The importance
of high reliability in these communications and
the limitations in the generation of very high
power at low frequency make it necessary that
the antenna systems radiate as efficiently as
possible. Furthermore, the amount of power
radiated and such factors as the effective height
of the antenna must be known to permit predic-
tion of the long-range coverage of the trans-
mitting stations. The radiating capabilities are
determined through the analysis of measure-
ments of field strength at various bearings and
precise distances from the antenna; these mea-
surements must be made in comparatively large
numbers to avoid undue influence on results
caused by anomalies due to local terrain. Observa-
tions are made close enough to the antenna to
avoid propagation effects, yet far enough away
to be out of its induction field. Measurements
must be made for each operating frequency,
since radiation characteristics change with fre-
quency. When three additional antenna towers
were added to the existing six at the Navy's
Radio Station at Annapolis, Maryland (NSS),
NRL made measurements of the new performance
(1940). NRL determined the radiating capa-
bilities of the Navy's stations at Annapolis
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(NSS, 15.5 kHz in 1961, 21.4 kHz in 1963);
Jim Creek, Washington (NPG, 18.6 kHz in 1960,
1961, and 1962, 24.0 kHz in 1963); Summit,
Panama Canal Zone (NBA, 10.2 and 18.0 kHz2
in 1963); Cutler, Maine (NAA, 14.7 and 18.6
kHz in 1963, 17.8 kHz in 1964); Lualualei,

antenna installations on ships have marked
influence on antenna-system characteristics which
must be known for design of transmicters. In
seeking antenna structures of minimum size and
form best ficted to minimize superstructure
i. luence, NRL carried on a theoretical and

Hawaii (NPM, 198 kHz in 1963). Haiku, experimenctal program to decermine such factors

Hawaii (10.2 kHz in 1963); and Northwest Cape,
Australia (NWC, 22.3 and 27.3 kHz in 1966).%¢

Submarine Trailing-Wire Antennas

Undersea trailing insulated wire antennas

as capacitance, radiation resistance, energy-loss
distribution, and effective height of such sys-
tems. The coupling between antennas, the char-
acteristics of “trunks” and corona loss, and
flashover in both antennas and “trunks” were
investigated (1936-1942).F" The results obtained

were used in early Navy communication experi-  were used by the Navy to upgrade its shipboard

ments (1909)%8 and in experiments dealing with
the remote control of torpedos from sircraft by
radio (1920).2% In the latter work, a 300-foot-
long antenna trailing the submarine N-6 was
supported at six-foot depth by surface floats
placed at ten-foot spacings. In NRL's early work,
the insulated antenna cable was threaded through
a string of air-inflated rubber buoys spaced along
its length (1931).27° In lacer NRL experiments
conducted with the submarines USS MEDRE.
GAL AND USS SEA LION, "positive buoyancy”
was provided by attaching an air-filled plastic tube
directly to and along the length of the antenna
cable (1947).2" This arrangement greatly im-
proved its trailing characteristics when a sub.
marine was underway. In a further step, NRL
developed a trailing-wire antenna having
“positive buoyancy” due to the internal cable
structure (1952).27%7¢ The Navy's submarines
were subsequently equipped with trailing-wire
antennas using "positive buoyancy” cables. The
positive buoyancy was provided by a layer of small
plastic air-filled tubes, just inside the outer sheath
of the cable, encircling the insulated covering of
the wire. Thus, the antenna was held in proper atti-
tude with respect to the sea surface, and yet it pre-
sented a smooth outer covering which in trailing
avoided uadesirable disturbance of the surface
which might be seen as a wake or scar by enemy
aircraft.

Lower Frequency Shipboard Antennas

Ship superstructure and the long lead-in
“trunks” used in the large lower frequency
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antenna installations. The results were also used
in specifications for the procurement of trans-
mitting equipment.

To contend with high-frequency blackouts
experienced in the Arctic, the Laboratory
devised a shipborne, 1000-foot-high zepplin-
type batloon-supported antenna so that the
Navy's ships could maintsin continuous
communication with shore stations on the
lower frequencies (first used on the USS
BURTON ISLAND in 1951).85% Further de-
velopment of this antenna included a balloon-
winch launch, retrieve, and ‘control mechanism
with which the 1000-foot-high antenna could be
held essentiaily vertical in wind velocities up
to 40 knots. This antenna system was demon-
strated on the icebreaker, USS EDISTO, opet-
ating in the North Aclantic in the Greenland and
Iceland arecs (1953 and 195%). It was established
that with a power of 1 kW radiated from the
antenna on 100 to 150 kHz, reliable communica-
tion could be provided to Alaskan s >re stations
within a range of 1500 miles. Early considera-
tion was given to the use of a helicopter to
replace the balloon in supporting the antennas
(1959). A 4000-foot-high, helicopter-supported
antenna would provide effective radiation of
power at the very-low frequencies for communica-
tion with submerged submarines. Such a heli-
copter-supported antenna was considered a possi-
ble alternate for the high-power shore transmitting
stations, with somewhat less coverage capability
due to the limit of the power available in mobile
installations.
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Very-Low-Frequency Transmission

The transition from the international Morse
code keying transmission system to the auto-
matic teleprinter system came about much
later on the very-low-frequency circuits than on
those in the high-frequency band. This was
primarily due to the extremely low bandwidth
characteristic of the huge shore-station antennas
ar the very-low frequencies, which imposed a
limit on the speed of transmission (20 words
per minute, continuous-wave, international Morse
code keying) to about one-half that required for
teleprinter operation at its lowest speed. In
overcoming this himitation, NRL devised the
first teleprinter system providing effective
operation on the very-low frequencies
(1951).278 The performance of this system was
demonstrated in operations using transmissions
from the Navy's very-low-frequency station at
Annapolis, Maryland (NSS, 15.5 kHz) over long-
distance circuits to Iceland, England, Panama
Canal Zone, and North Africa. This system was
self-synchronizing and provided the encoding of a
standard teleprinter signal into a four-level signal
having one-half the keying rate of the original. The
transmitter was shifted through the four frequency
levels by the encoded signal which, as modified,
could then be accommodated by the bandwidth of the
antenna. At the recerver, a decoding device con
verted the received tour-tevel signal back into
its orginal torm tor operation of the eleprinter
A novel, stable, regenerative arcut provided a
much higher degree of selecuviey in the tre:
quency-shift recerver than had previously been
attarned 05 Hz bandwidthy A speaally designed
discoimunator pernitted  segregation of  che
sigaals on the tour trequency levels, which were
separated by a very small difference in frequency

¢t Ho
With the advent ot the Polans weapon syseem,

grave concern arose regarding the relabihiy of
command and control commumications via the
Navy's very-low-frequency  transmutong system
In responding to this situation, NRL developed
a very-low.frequency facsimile transmission

system which was first to provide reliable
command and control communication from a
single high-power transmitting station in the
United States to continuously submerged
submarines when operating in any critical
world area (1959). Early in 1959, the subma-
rine USS KATE used the system success-
fully on its trip to the North Pole. The sub-
marine USS TRITON, in accomplishing the
first circumnavigation of the globe, sub-
merged, used the new system throughout the
voyage with good results (February-May
1960). The system was installed on all Polaris
submarines and provided highly reliable
command-control communications during
the critical period that followed. This system
became hnown as "Bedrock.” The Navy's existing
transmitting system had o contend with high
atmospheric noise levels prevalent ac the very:
low frequencies which produced low signal-to-
noise ratios and seriously affeced the reliability
of communications 1o distant areas of operanional
importance, such as the Mediterranean Sea In
the system devised, the superior performance
obtained under extremely low signal to noise
ratio conditons was achieved through the use
of very  narrow  frequency bandwideh  trans
mussions and  che  redundanay provided by
facsimile type signalling A tacsinule-controlled
exciter provided the small trequency shitang ot
the transmitter The  trequencyv-shift recever
utihized the novel techniques tor high selectiviy
and discrimination previously devised tor che
very low frequency teleprinter system Trans
mitter components were provided tor installa
tions at shore stavions NS8O Annapolis, Mary
land, NAA, Cutler, Mane, NPM, Lualualer,
Hawanr, NPG, Iim Creeh, and NBA, Summt,
Panama Canal Zone (19SR 1960 Recever com
ponents were supphied tor submarines, the tirst
installation bemnyg made on the USS SABLE FISH
January 1959 In the tnials of the system made
with this submarine in the Mediterranean Sea
area, excellent submerged-reception results were
obtaned on transnussions from che staton ac
Aannapolis,  Marvland  Stndar results were
expenienced by the submarnine USS BANG ar
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its station in the North Atlantic off Norway
(February 1959).

NRL developed a frequency-shift keyer
which for the first time permitted automatic
operation of the Navy's very-low-frequency
transmitters at a rate as high as 60 words per
minute with a high degree of reliability for
command-control communications to Polaris
submarines (1963).77% All the Navy's high-
power stations were then equipped with these
keyers. The system utilized two frequency
levels for keying, with provision to avoid the
large voltage and currenc transients previously
experienced when the large quantity of oscilla-
tory energy in the antenna system was abruptly
changed in frequency. These transients had, ar
times, caused Hashover of “horn-gaps™ and other
protective devices, tollowed by objectionable
shutdown of cransmitcers due to overload. In
certain instances, critical damage occurred, such
as the burnout of antenna loading inductance
cable, rendering the station inoperative for a
considerable period. The transients were avoided
by beginning each successive "mark” and “space”
frequency shift at the zeto-crossing points of the
“marh” and Uspace” trequencies, when chese
ponts were conncident in phase, and by arranging
the rate of change of trequency to be linear during
the transition process. The transition period was
of such length as o hold the sideband encrpy
generated during transition within the trequency
bandwidth of the antenna. Maximum ualization
of the antenna bandwidth was obtained by very
precisely mamntaiming the "mark” and Uspace”
frequencies; this was possible with NRL-devised
techmiques. Full utilizattion of the anteana band-
width and confinement of the sideband energy to
within its limits are major factors in maximizing
the rate of transmission. The system permitted
changes in the transmitter frequency to be made
quickly and easily. Frequency-shift keyers of
this type were provided for the Navy's very-
low-frequency stations at Cutler, Maine (NAAY
Jhim Creek, Washington (NPG), Lualualei, Hawaii
(NPM), Northwest Cape,  Australia (NWO),
and Summit, Panama Canal Zone (NBA)Y (1900).

During 1970, Annapolis, Maryland (NSS) and
Yosami, Japan (NDT) were equipped.

Communication Between Completely
Submerged Submarines

In seeking to secure the advantages of being
able to communicate via radio between wholly
submerged submarines, the Navy conducted
experiments in 19092 and 1918.2% The limited
ranges obtained were not of Naval operational
interest. More extensive experiments were con-
ducted off Provincetown, Massachusetts in 1920
with the submarines S-4 and §-5 and the tender
USS BUSHNELL. With a 300-watt transmitcer
(978 meters, or 308 KH2) and a “clearing line”
loop antenna, the commuaication range from the
submerged submarines to the tender was limated
to SO0 vards. From the results obtained, it was
concluded that “wich these limitations on power
and wavelength, transmussion trom submarine to
submarine, submerged, cannot be conducted over
any appreciable distance."2¥! Although the Navy's
interest in the subject matter continued,®®?
1t was not until Liter years that the possibilities
for such a commuacation system were  thor-
oughly invesagated.

In 1939 che Laboratory began a program to
determine the communication raee that could
be obtained between wholly submerged  sub-
marines 1t higher power and lower radio tre-
frequencies, having less atrenuation in seawater,
were used. Theoretacal considerations resulted
in system predictions (1940)?% which were
verified by experiments at Fort Pond Bay, Long
Island (1946).% In the experiments, the field
intensity produced by transmissions with 3 AW
at 100 kHz into a large, submerged loop (10 N
00 feet) were measured at a 10,000-vard range
From this work tt was evident that the hgh
attenuation of the seawater path made imperative
the use of the air path between points timmeds-
ately above submerged submarines if maximum
range were to be obaaned.

Due to the Navy's particular interest at the
time, further experiments were conducted by
NRL which for the first time demonstrated the
feasibility of satisfactory communication
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between completely submerged submarines
over limited ranges (November 1947).2"' The
experiments were conducted off Key West,
Florida between the submarines USS MEDRE-
GAL and USS SEA LEOPARD, using both
insulated horizontal trailing wire and loop
antennas. The USS MEDREGAL, with a 350-
foot trailing-wire antenna, was used for trans-
mitting (200 W, 169 kHz). The USS SEA LEOP-
ARD, with a 104-foot trailing-wire antenna, was
used for receiving (Model RAK receiver). A
planing float attached to the trailing-wire antennas
maintained the depth at roughly three-quarters

SRS

o '-’Af»vr; ’ oL

of a foot. Because of the Navy's special interest
at the time, the range was held at 3000 yards,
although greater distance could have been
covered with the signal level available.

In the experiments, the performance of the
trailing-wire antenna was found to be superior
to that of the loop antenna. Thereupon, its
characteristics, particularly those of input
impedance and power dissipation, were treated
both theoretically?”? and experimentally (1948-
1951).278 By this time, the use of Naval vessels
proved a time-consuming way of obtaining
necessary data. To accelerate the data-acquisition

THE FIRST VLF-LF SCALE-MODEL FACILITY

This facility was developed by NRL and was used to determine the performance of undersea radiocommunication systems

(1951). NRL can be secn in the background
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RADIO TRANSMITTER USED BY NRL
FOR THE FIRST TRANSMISSIONS
BETWEEN COMPLETELY SUBMERGED 1
SUBMARINES (1953)

This transnutter operated in the 10 w0 100 KHz
trequency range and had @ TORW power output
e was constructed by NRL anowo individual
sections so it could bBo lowered chrough a sub 4

marine hatch
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process, NRL developed the first VLF-LF scale-
model facility for determining the perfor-
mance of undersea radio-communication
systems, locating it immediately to the south
of the Laboratory (1951).27¢ With this model
facility, the characteristics of horizontal
trailing-wire antenna systems were deter-
mined,?”® including such factors as the opti-
mum ratio of wire diameter to overall cable
diameter '® and field radiation patterns in the
air above che simulated sea. This facility
comprised a horizontal wire screen, simulating
the sea surtace, in which were inserted two tanks
containing  an  ammonium  chloride  solution
simulating seawater. The two tanks were spaced
a suitable distance apare to represenc the air
path between two submerged submarines. One
tank contained the transmitting horizontal wire
antenna under observation. The other tank held
the antenna of a ficld-strength-measuring equip-
ment, representing  the  receiver of  another
submarine. The ammonium chloride solution
had suthcient concentration to permit scaling
the conducavity tactor of seawater mwelve to
one. The correspondingly  smaller sizes and
depths of antennas facilitated the observations
which were made over a simulated frequency
range corresponding to 10 to S00 KHz.

With the data obtained trom the investiga-
tnons, a system was assembled with which NRL
demonstrated the feasibility of radio com-
munication between two completely sub-
merged submarines out to a range of 30 miles
(July 1953). The demonstration was carried out
with the submarines USS DOGFISH (trans-
mitting) and USS HARDHEAD (receiving) in
Long Island Sound, i1n the vicinity of New
Loadon, Coanecticut, ustag horizontal trailing-
wire antennas 100 to 500 teet in length for both
installations. For the demonstration, the highest
powered radio transmicter (100 kKW, 10 o 100
kH2) ever to be statled on a submarine to that
ame was developed.

The conclusion drawn from the program was
that an undersea radio communication system
can achteve a range of 30 miles, provided that
trarhing wire antenna leagths of 200 feet or more

are employed, that cthe depth of antenna sub-
mergence not exceed five feet, and that an antenna
power of 10 kW in a trequency band of 30 10
100 kHz is used.

Radio Reception by Submerged Submarines

The capability of the very-low frequencies to
penetrate the surface of the sea and thus permit
reception on board submerged submarines is of
great importance today in the transmission of
commands to make the nation’s undersea nuclear
deterrent effective. As early as 1909, the Navy
conducted experiments in underwater reception
aboard a vessel using an insulated straight-wire
anteana submerged to four feet. Signals from the
Navy's Nortolk, Virginia shore station were
received out to a distance of 15 miles.®® This
range, limited by the insensitive crystal detector
receiver then available, was not of interest to
the Navy, and the experiments were abandoned
The feasibility of recewving very-low-frequency
signals aboard a submerged submarine over
long distances was fArst demonstrated  during
World War 1 (1918). Signals (29 to 30 kH2) from
high-power European stations were received by
a submarine off New Loadon, Connecticut, with
the top of its antenna submerged to depths as
great as 21 feet.8® The antenna, of the loop
type, consisted of insulated cables connected o
the hull at the bow and stern, carried over sup-
ports to the bridge, and thence through pres-
surized hull frtings to the equipment inside.
The interest generated in the Navy by the results
obtained quickly led to the installatton of this
loop antenna system on all submarines.? The
“clearing lines,” provided to ward off debris
and prevent damage to the submarines in sur-
facing, were used to support the loop cables,
which were spaced from the lines with insulators.
Since these clearing-line loops were directive,
submarines had to be oriented ta the general
direction of the station for effective reception.
Small pancake loops, in sealed wooden con.
tainers, mounted inside the bridge wings were
also used. Two such loops, disposed at righe
angles, provided 300-degree receprion. However,
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the signal strength obtained with these small
loops was inadequate, and their structural defects
made them unreliable. 1t was not until radio-
frequency amplification of substantial gain
became available that small-loop performance
became acceptable.

The Laboratory was able to make considerable
improvement in the clearing-line loop system
through the development of loop cable and
cable terminations having superior electrical
and mechanical characteristics, both of which
provided the reliability that use in the service
required (1934).287 As high frequencies came into
general use during the 19307s, with the periscope
antenna providing low probability of detection
due to low visibility, the practice of submerged
reception on the low frequencies and the employ-
ment of the clearing-line loop fell into disuse.
Interest in submerged reception revived again as
the possible involvement of the United States in
World War 11 became apparent. However, the
clearing-hine loop could no longer be tolerated,
since when the submarine surfaced, the prob.
ability of detection from aircraft, which had

Diving Mast

= b

Loop

Forward & Aft _ =

become a serious threat, was greatly increased.
It also was tound to obstruct gunfire. The Labora-
tory was requested to provide a more suitable
means of signal collection. To obtain a better
understanding of the communication prob-
lem, NRL conducted the first thorough theo-
retical analysis of the factors involved in
submerged radio reception (1939).28% The
refraction of the radio wave at the air-seawater
interface, the propagation of radio waves in
seawater, and the effects of the seawater environ-
mene upon the characteristics of a loop antenna
were studied. The theoretical determination of
the variation of the attenuation of radio waves
in scawater with respect to frequency was made.
Contirmation of results was obtained with re-
spect to effects on foop inductance and losses
1n a seawater environment through the use of
loops immersed in a tank of scawater. Further
confirmation was obtained through observations
made  aboard the submarine USS-S-30 while
submerged (1940). The strength of signals from
vartous shore stations and the signal-to-noise
ratio received by several types of antennas at

< - Coils
. RS ’ Installed
T S Antenna in Bridge
Diagram of Loop Connection Lowest Position Loop Lead
Loop Grounded to Thru Port

. " . .‘

T ' T T 60834 (381)

“CLEARING-LINE" LOOP ANTENNA USED IN EARLY INSTALLATIONS ON SUBMARINES FOR VLF
RECEPTION WHEN SUBMERGED
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various depths and for various frequencies were
determined. In this work, NRL was first to ob-
tain experimental data on the attenuation of
rzio waves propagated through seawater
and to determine its variation with frequency
(1940).2% Observations aboard the submarine
were made on transmissions from the Navy's
stations at Annapolis, Maryland (NSS, 15.44,
17.8, 328 kHz) and Summic¢, Panama Canal
Zone (NBA, 24.0 kHz). The noise created by
the ship's clectrical system was found to be
the limiting factor in depth of reception. A
small loop mounted on the deck proved superior
to the clearing-line loop in receiving through
this noisc. It was also observed that radio bearings
of good accuracy could be taken on transmitting
stations with the small, rotatable loop while
submerged, and that these bearings were the same
as those taken above the sea's surface. A com-
ponent of the radio energy in the air medium, in
propagating downward into the sca, induces
voltages in the horizontal sides of the loop, the
resultant of which produces a figure-eight pattern
as the loop is rotated. This pattern is simifar to
that produced when the loop is in the air medium,
where the vertical sides are the collectors.

In making the small loop practical for
underwater reception, NRL devised a loop-
receiver coupling technique which through
proper impedance match provided for the
first time maximum utilization of the energy
picked up by the loop (1939).% Three hun-
dred fifty of these couplers were furnished, so
that the system would be made available to
the Navy’s submarines. The system continued
in service throughout World War II. The
resulting 60-dB system gain gave the small
loop an underwater reception capability superior
to that of the large clearing-line loop as pre-
viously used without the new coupling technique
(14 to 38 kHz). The coupling was accomplished
with a special impedance transformer, the low-
loss, very tightly coupled primary and secondary
windings of which were mounted on a moly-
bdenum permalloy dust core. With it the im-
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pedance of the loop (Model DQ) was matched
directly to the grid circuit of the first amplifier
tube of the receiver (Model RAK). The loop
could be rotated and advantage taken of its
directional properties in avoiding interfering
stations and in taking bearings. Observations
aboard the submarine USS SEA LION at Pearl
Harbor proved the system capable of providing
satisfactory signals from the Navy's transmicter
at Annapolis, Maryland (NSS) when the top of
the loop was submerged 15 feer.

After World War 1I, the Navy's objective of
higher submerged speeds for its submarines
forced atwention to streamlining the hull and
its appurtcnances. An antenna, much smaller
than the existing air-core loops, in the form of
a fixed structure which could be streamlined was
needed.  Omnidirectional  performance  was
imperative to make certain the prompt reception
of commands directed to submarine commanders,
which might be missed with the use of a direc-
tional loop in “minimum” position. NRL con-
ducted a further study of the factors entering
into the performance of undersea loop antennas
of various types and concluded that a ferrite-core
loop could provide a reception capability equal
to air-core loops of nearly four times the area.
Furthermore, NRL conceived a loop antenna
system which for the first time provided
omnidirectional undersea reception perfor-
mance (1948).2%#! This system, with some modi-
fication, was widely accepted in the Fleet. The
system comprised a ferrite core with two loop wind-
ings disposed physically at right angles and con-
nected to a circuit which displaced the phase
of the voltage of one loop winding 90 degrees
with respect to the phase of the other. Combining
these two voltages provided the omnidirectional
reception characteristic. Provision was made for
the use of each loop winding separately, should
directional discrimination against an interfering
signal be required. This loop antenna system,
designated the AT-317, was installed on all
submarines. It was mounted at the top of a re-
tractable mast which extended to a considerable
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75596 + M -

VLF LOOP ANTENNA INSTALLATION ABOARD SUBMARINE USS SEACAT

The NRL-developed (1948) omaiditectional loop antenna is mounted on the mast to be seen second from night on top of the sail
ssee arrowd. On deck a ete is NRL's dynanichife buoy, also equipped with this eype VLE toop
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75372

LOWER FREQUENCY RADIO RECEIVERS WITH
MULTIPLEXING CAPABILITY

The tirst lower trequendy radio receivers capable of multiplexiog on a common anteana were developed by NR1L. these were

the Models RE and RE (1920 The Model RF s shown here

height above the sail to permit reception at
greater submarine depth.

While, prior to 19959, the immediate environ-
mental aspects of reception of the very-low
frequencies on a submerged submarine had been
studied, no thorough analysis of the communica-
tion system as a whole had been made. Deter-
minations of received signal level based upon the
characteristics of all clements of the system could
not be made with sufficient accuracy to satisfy the
Navy's need. As a resule of its efforts, NRL was
first to develop a mathematical expression
relating all of the various major parameters
of a very-low-frequency communication sys-
tem, which permitted reliable determination
of the signal level received aboard a sub-
merged submarine (1959). The results of this
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work had considerable impact and brought about
various improvements in Fleet systems. Taken
into account were such factors as radiated power,
propagation-attenuation loss, air-sea interface
loss, depth-of-submergence loss, and loop-antenna
collection capability in a seawater eavironment.
The variations of these factors as functions of trans-
mission frequency, seawater conductivity, and loop-
antenna configuration were considered.

Lower Frequency Radio Receivers

At the time of the Laboratory’s activation in
1923, the Navy had planned to provide its ships
with multiplex reception tacilities to minimize
the number of antennas. In furtherance of this
plan, NRL developed the first lower frequency
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radio receivers which could be multiplexed
on a common antenna (Models RE, 10 to 109
kHz, and RF, 75 to 1,000 kHz) (1924).2%2
Hundreds of these receivers were procured
and used universally chroughout cthe Navy
and by other government departments. They
were installed on all classes of ships and con-
tinued in use through World War I1. This was
accomplished by wusing the multiplexing
“coupling-tube” technique previously described,
which permitted a large number of both lower
and high frequency receivers to be used on a
single antenna. The new lower frequency re-
ceivers possessed selectivity and shielding
superior to previous receivers in this fre-
quency range. They were of coordinated
design, the radio and audio frequency ampli-
fiers being part of an integral assembly instead
of separate units connected to a tuner, as in
earlier receivers. Certain units of common
design were interchangeable.

The Navy required submarines to have a
reception capability which included the very-
low-frequency band through the high-fre-
quency band. Three existing receivers would
have been required to provide such coverage,
but space limitations on submarines prevented
their use. To contend with the space-limita-
tion problem, NRL developed a “universal
receiver” for submarines which was the first to
encompass the wide frequency range from
very-low frequencies through the high-
frequency band in one compact unit (Model
RO, 15 kHz to 25,000 kHz) (1928).2%% The
Model RO receiver was installed on many sub-
marines beginning in 1929, Its active service
extended through World War I1. It occupied
only one-third the space of the three-receiver

combination.

In 1931, the Japanese deliberately interfered
with the Navy's very-low-frequency radio-
communication circuits in the Pacific area. NRL
was called upon to devise means of avoiding
this interference. In accomplishing this, the
Laboratory provided a “barrage” receiving system
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using unilateral sense discrimination and sharp
frequency selectivity to avoid the interference ¥
As one element of this system, NRL developed
the first Navy receiver to be capable of opera-
tion on an alternating-current power supply
(Model RAC, 12 to 80 kHz) (1931). All pre-
vious receivers had been designed for use on
batteries, which required frequent attention
and replacement. The Model RAC receiver, of
the tuned-radio-frequency type, proved far
superior in selectivity and general performance
to existing receivers. lt was included in the
“barrage” receiving system provided to the
various Navy radio stations handling communica-
tion trafic on the very-low frequencies in the
Pacific area.

NRL's work on the Model RAC receiver
resulted in new techniques, particularly with
respect to operation on an alternating-current
power supply, which greatly facilitated the de-
velopment of a subsequent series of receivers,
both low and high frequency, including the
Models RAA, 10 to 1000 kHz (1936), RAK,
15 to 600 kHz (1939), RAL, 300 to 23,000 kHz
(1939), and RBA, 15 to 600 kHz (1941).252,29
These receivers were NRL concepts. They
included the NRL multiplexing technique and
circuitry, and the shielding needed to prevent
radiation of local-oscillator energy which could
cause detection by an enemy through intercep-
tion. The Model RAA possessed exceptional
selectivity, not exceeded for many years. It was
the first receiver to use single-dial tuning. How-
ever, the great bulk and weight of this receiver
made it unsuitable for installation on the smaller
ships, which used the Models RAK and RAL.
The Model RBA provided a substantial advance
by way of greater stability and simplicity in
operation, greater gain over the frequency range,
improved output limiting, and lighter weight.
These receivers were produced in large numbers
and were used for general service through World
War 11 and for many vears thereafter.

An effort was made to obtain a “miniaturized”
receiver with modular construction for the lower




frequencies; however, considerable difficulty
was encountered in securing adequate perfor-
mance due to the major reductions in size of com-
ponents. NRL provided guidance of the contrac-
tor (RCA) in overcoming these difhculties
(1950).2% This receiver (Model AN/SRR-11, 14
to 600 kHz) was obtained in quite large numbers
for general use.

In providing a lower frequency receiver to
meet the special requirements for submarines,
it was of importance that it be designed to give
optimum performance with NRL's omnidirec-
tional ferrite loop antenna for submerged
reception. The Laboratory provided the manufac-
turer of the receiver with technical information
and assistance necessary to secure satisfactory
operation in service. In addition to the special
cross-loop coupling circuitry, noise-cancelling
means and provision for operation with various
conventional types of antennas were included in
the receiver. This receiver, the Model BRR-3
(1959), was widely nused because of its superior
performance in this type of operational role.
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Chapter 4
RADAR

ORIGIN OF RADAR

The development of radar by NRL came about
through the continuing interest of NRL's staff
in solving the problem of detecting and ranging
on enemy forces by means of reflected radio en-
ergy and through a series of related technolog-
ical and conceptual advances. As they occurred,
these advances sustained NRL's hope in an
ultimate solution of the problem, particularly
with respect to aircraft, the capability of which
was rapidly increasing.

FIRST OBJECT DETECTION BY RADIO

While exploring the higher radio frequencies
for their communication potential, the Navy's
research group which formed the nucleus of
NRL’s original radio division, prior to the
availability of NRL's facilities, discovered that
the presence of ships could be detected at
ranges up to three miles through the use of
reflected radio waves (1922).' The system used
is the basis of what later became known as
“continuous-wave” or “doppler” radar. Obser-
vations were made with a receiver located on
Haines Point in Washington, D. C., on signals
from a 5-meter (60 MHz) transmitter mounted on
the top of a radio compass house at the Anacostia
Naval Air Station. The transmission path, about
one-half mile long, passed across the confluence
of the Potomac and Anacostia rivers and the
Washington Channel to the receiver. During the
experiments, fluctuations in the intensity of the
received signal of considerable extent were
noted as a ship, the steamer DORCHESTER, a
wooden vessel of no great size, passed through
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the area about the transmission path. It was real-
ized that these fluctuations, due to the combina-
tion and phasing of the direct and reflected
waves, would permit the detection of enemy
vessels in Naval warfare. Improvements were
made in the system, including the use of wave-
lengths as short as one meter (300 MHz). As a
result, ships passing up and down the Potomac
River were detected when they were as far away
as Alexandria, Virginia, a distance of three
miles. The transmitter used a 30-watt tube (type
CG-1144-A) driven from a 500-cycle power
supply, which provided a good note in the ear-
phones at the receiver. The receiver used an N
tube detector and two stages of audio amplifi-
cation. The transmitting and receiving antennas
were both vertical.

The possibilities of using this new means for
the detection of enemy vessels “irrespective of
fog, darkness, or smoke screen,” and the increased
range which could be secured through the use of
parabolic reflector antennas at both transmitter
and receiver by concentrating the energy in a
sharp beam, were brought to the attention of the
Bureau of Engineering; however, interest in
sponsoring further work was not effected. The
lack of an urgent operational need and the pres-
sure to provide radio-communication facilities
adequate for the expanded fleet organization
being planned at that time were impediments to
this sponsorship.

DISTANCE MEASUREMENT WITH
REFLECTED RADIO PULSES

The method of determining the distance
of a target by measurement of the transit time

Preceding page blank
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THE WORD “RADAR”

The word “radar’ was coined from

agreement

—

ACT1CAELE

by

LITY

SEVih wve h 4 ete e B ariig

“1adio detection and ranging.” one of the titles used by NRL for this field of work, by LCDR F R
Furth and LCOR S M Tucker, who shared in responsibitity for the Navy's onginal procurement program LCDR Furth (later RADM Furth)
and LCDR Tucker (later RADM Tucker}, while on duty at the Navy Department. devised the acronym and took action 1o put it into eftect
The above latter. dated 19 Nov 1940, signed by ADM H R Siark, then the Chuet ot Naval Operations. made the word otficial Later. both
LCDR furth and LCOR Tucker, as Captains, became directors of NRL (CAPT Furth, 1949 to 1952, CAPT Tucker, 1955 to 1956) CAPT Furth
became the Chiet of Naval Research as ADM Furth (1954 to 1956) The word radar quickly came into general use. although the British
retained the terms “radiolocation™ and "RDF" tor their work i this field until 1943, when “radar’ was adopted through international




RADAR

of reflected radio pulses over the pach was first
demonstrated in NRL's early investigations of
the height, layer structure, and characteristics
of the ionosphere, accomplished cooperatively
with the Carnegie Institute in Washington
(1925).2 This pulse method later became the
method of determining range in radar. In
this ionospheric work, repetitive radio pulses
were produced for the first time by the multi-
vibrator technique, also used later in radar.
The quiet interval between the pulses made
possible the reception of the reflected energy
wicthout interfereace. A high-power, crystal-coa-
trolled transmitter which had been used for
communication experiments was modified o
provide 10-kW (peak), 200-microsecond pulses
at .2 MHz for the transmissions.

The success of this pulse work stimulated
NRL's consideration of aircraft detection and
ranging by the pulse technique, but evidence of
the probability of reflections of adequate inten-
sity from aircraft was insuthcient to generate in
sponsors support for experimental work to re
solve the question. At that time, dithculty in
tunding the Navy's immediate radio needs and
the apparent lack of capability of aircratt to
provide a serious threat were attending factors.
Nevertheless, the pulse concept continued to
receive consideration by NRL. The results of
this original pulse work served to stimulate the
British in the later initation of their “RDF”
(radio direction tinder, their early term for radar)
developments, as was disclosed by cheir repre-
sentatives during the military techn:cal informa-
tion exchange meetings held with the United
States in 1940.

FIRST DETECTION OF AIRCRAFT
BY RADIO

While working on the problem of the
landing of aircraft, NRL discovered that
aircraft reflected sufficient radio energy to
be detected at considerable distances (1930).3
A system was being investigated with which an
aircraft could "home” on a vertically direcred
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transmitting beam located at NRL (32.8 MHz)
and determine when it was directly above the
beam tor landing. Radiations from the beam were
being measured at a site about two miles north
with directional measurement equipment. It was
observed that whenever an aircraft penetrated
sufhciently into the radio-trequency field of cthe
beam, and when the relative distance of che
aircrafe was changing, fluctuations occurred in the
indications of the measurement meter and in the
signal received in headphones. 1t was also noted
that the rate of the fluctuations varied with the
speed of the aircraft. Aircraft could be detected
several miles distant from the equipment. This
system, in which “beats” were produced by
interaction of the direct and aircraft reflected
energy, was recognized as being basically che
same as that used in 1922, However, it now gave
promise of effective detection of aircratt. More
suitable equipment was developed (60 MHz),
resulting 10 a capability of detecting aircraft
out to a distance of SO miles? A surveillance
system was devised consisting of a network of
spaced transmitters and receivers which could
provide arca detection and position of aircratt.
However, these equipments had to be disposed
over an extensive area, so the Navy considered
the system unsuitable for use by Naval vessels.
The system did have application to the defense
of farge land areas, and since chis function was
the responsibility of the Army, the results of
NRL's work were forwarded to the Army for
consideration for further development (1932)53

Early in February 1934, a demonstration of
the continuous-wave aircraft-detection  system
was given to members of the Subcommittee on
Naval Appropriations of the House of Repre-
sentatives. This  demonstration  was  arranged
through the influence of one of its members
(later Chairman), the Honorable James Scrugham
(Nevada, later Senator Scrugham), who took great
interest in NRL's detection work. Through his
efforts a special appropriation (100,000 in FY
1935, and more subsequently) was received at a
financially critical time, which enabled the
Laboratory to continue its work on aircraft
detection$e

g
%
i
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ASSOCIATION OF TECHNIQUES
FOR RADAR

A step leading immediately to radar was
made when, as a result of an investigation, NRL
developed an “anti-key-click” device which
eliminated interference in radio reception aboard
ship caused by clicks (transients) generated
when high-frequency transmitters were keyed
(1933). In recognizing the merits of this device,
the Bureau of Engineering stated that the
“...device makes possible materially decreased
separation of adjacent Commuaication Chan-
nels..will greatly improve communication..”
and “gives our Navy distinct advantage over
foreign Navies in Communication efficiency.”7:8.#

In carrying out its work on “"key-click”
interference elimination, NRL devised a
means of visually observing the key clicks
which provided for the first time a repetitive
display of radio pulses and their time-dis-
placed counterparts, with indication of dis-
placement time on a cathode-ray tube. The
associated transmitter and receiver were
synchronized by a common oscillator, all
elements being in close proximity (1933).
These are concomitant aspects of a radar
system! NRL's work brought to focus the
several related previous steps and led to a
decision to proceed with the development of
a pulse-detection system, initiated on 14
March 1934, which resulted in the first radar.
The common oscillator used in the key-click
investigation provided the drive for circuits
producing a circular trace on the cathode-ray-
tube screen with pulses displayed as radially
displaced “pips.” The angle between the origin-
ating pulse pip and its counterpart represented
the displacement time of the latter. The length
and shape of the pulses could be observed
directly.

FIRST RADARS

Since the frequency of 60 MHz was used
in the continuous-wave system, its use was
continued in the first pulse system. A pulse
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transmitter was constructed with two RK-20
tubes (nominal S0 watts CW, Raytheon) in
“push-pull,” accompanied by a multivibrator
and pulse-forming circuits. Low-time-constant
elements were designed so that pulses short
enough to permit observation and resolution of
aircraft at reasonably short range could be
generated. Ten-microsecond pulses and a pulse
spacing of 100 microseconds were obtained.
With the tubes “grid-pulsed” at a 10,000-per-
second rate, an average power output of eight
watts (80 watts peak power with a 10 percent
duty cycle) was secured. An anode voltage
considerably higher than the rated value of the
tubes was used to obtain this peak power. The
system formed included this transmitter, a
high-gain (7 X 10%) experimental receiver, the
circular-sweep cathode-ray tube, the synchro-
nizing arrangement just described, and separate
directional antennas (a horizontal dipole with
parasitic reflector) for both transmitter and
receiver, which were directed across the Potomac
River. An interconnecting cable spanned the
250 feet between the transmitter and receiver
(penthouses of NRL buildings 1 and 12) to pro-
vide sychronization. With this 60-MHz system,
an aircraft was detected for the first time with
radio pulses as it flew up and down the
Potomac River; however, range resolution was
limited by characteristics of the receiver
(December 1934).'% The receiver used was a
modified communication receiver of the super-
heterodyne type with a 10-MHz, four-stage
intermediate-frequency amplifier. It was modifed
to further increase its bandwidth for short-pulse
amplification and to eliminate “blocking” by
the transmitted pulse; these modifications were
successfully accomplished. However, the great
amplitude of the transmitted pulse caused exces-
sive “ringing” in the receiver, in spite of its
wide-bandwidth circuits. The ringing extended
the apparent width of the transmitted pulse and
greatly reduced range resolution at shore ranges.

In the next phase of the work, NRL devel-
oped a 28.6-MHz radar with which the first
effective detection and accurate ranging
with high range resolution at all ranges on




RADAR

aircraft with radio pulses was accomplished,
on 28 April 1936. The first echoes from air-
craft (light, fabric-wing craft) were seen at
ranges out to ten miles, but by 3 June 1936,
after the transmitter anode voltage had been
greatly increased, aircraft were observed out
to 25 miles. On 26 June, the radar was demon-
strated to the Chief of the Bureau of Engineer-
ing, RADM H.G. Bowen, the Chief of the
Bureau of Aeronautics, RADM A. B. Cock,
the Chief of the Bureau of Ordnance, RADM
H. R. Stark, two other Admirals, and a group
of lower ranking officers. On 1 July, a dem-
onstration was given to the Chief of Naval
Operations, ADM W. H. Standley. Demon-
strations were also given to key members
of the War Department and members of the
Army Signal Corps Laboratories (4 June
1936).llﬂ.120,l3.|4

Since the performance of the earlier equip-
ment was limited in range resolution by the
characteristics of the receiver, special attention
was given this aspect in the design of this com-
ponent. Its design was aided by a prior math-
ematical analysis of multistage radio-f. *quency
amplifiers. The receiver comprised a preselector
heterodyne converter and two intermediate am-
plifiers (three stages at 35 MHz and one stage
at 25 MHz), with a useful gain of 2.5 X 107
It responded o pulses of two to five micro-
seconds. This receiver, which was free of feed-
back and ringing, was capable of withstand-
ing, without blocking, the high input power
imposed when closely associated with the
pulse transmitter.'® The “acorn” type 954 pen-
tode tube (RCA), recently available, providing
improved performance at the higher frequencies,
was used in the receiver. The output of the re-
ceiver was displayed on a cathode-ray-tube screen
using a horizontal trace with a 25-mile loga-
rithmic scale. A horizontal dipole with para-
sitic reflector was used for the receiving antenna.
A new type of self-quenching, or “squegging,”
oscillator was used in the transmitter with a
novel inductive storage-capacitive discharge
keying circuit. The transmitter used a Gammatron
type 354 tube (100 watts, CW, Heintz and

Kaufman) which had just become available and
which provided six-microsecond pulses at a r
peak power of 7 kW and a pulse rate of 3720

per second. A 28.6-MHz horizontally polarized
beam antenna (dipole elements stacked six
vertically, eight horizontally with correspond-
ing parasitic reflector) supported by two 200-foot
towers, available following previous high-fre-
quency-communication experiments, was used for
transmission. The transmitter (located at the
present site of NRL building 16) and the re-
ceiver (located on the penthouse roof of NRL
building 12), separated by about 330 yards, were :
linked by a cable for synchronization by a

common oscillator.
The large size of the 28.6-MHz transmitting

antenna of the early radar made it impractical
for installation aboard ship, so effort was di-
rected to the higher frequencies, where smaller
antennas could be effective. A major difhculty
in the radar work had been the lack of vacuum
tubes operating at the higher frequencies which
would give adequate pulse power outputs and
withstand the high anode voltage required
(10 to 15 kV). It had been necessary to use exist-
ing tubes far beyond their rated capability.
Operation at 50 MHz was explored, but soon

given up in favor of 80 MHz, when it was found

that the Gammatron type 354 tube would provide

good power output at this frequency. A trans-
mitter was constructed with two of these tubes
in a push-pull arrangement with parallel-rod
transmission lines for the oscillator circuits.
A vertically polarized beam antenna (dipoles
stacked six vertically, eight horizontally with
corresponding parasitic reflector) was provided.
The new 28.6-MHz receiver was modified for
use at the 80-MHz frequency. This 80-MHz
equipment was first to use a multiple hori-
zontal line display on the cathode-ray-tube
screen for display of echo returns. This
display was arranged with five lines, each
representing ten miles of range, providing a
total available display range of 50 miles.
This system was first operated on 5 Nov. 1936,
and by 24 Nov. 1936 aircraft out to a range of
38 miles were observed. The equipment
incorporated circuits which allowed one antenna
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The first detection and high-resolution
ranging on aircraft with radio pulses in the
United States was accomplished by NRI
with this radar on April 28, 1936 The
radar used a beam antenna for transmit-
ting (left) and a receiving antenna (below)
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In this demonstration, the transmitter operated ac 28.6
MHz with 6-microsecond, 7-kilowatt pulses (right); the
pulse received (below) used a cathode-ray tube display.
Arrcraft were observed to 4 range of 26-25 miles

Durning June and July 1936, thas radar was demanserated
to the Chief of Naval Operations, the Chiefs of the
Bureaus of Eogineering, Acronautics, and Ordnance,

and o War Deparement and other offioals
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to serve tor both transmission and reception,
although this  was first accomplished  with
200-MHz equipment.

Many demonstrations were given with this
radar, including one to the Commander-in-Chiet,
U.S. Fleer, ADM A. ). Hepburn (4 Dec. 1936),
who urged RADM H. G. Bowen, the Chiet of the
Burcau of Engineering, to arrange for an carly
demonstration and practical test of radar 1o the
Fleet. On 17 Feb. 1937, this radar was also
demonstrated o the Chiet of Naval Operations,
ADM W. D. Leahy, and the Assistant Secretary
of the Navy, the Honorable Charles Edison, both
recently appointed. Demonstrations were  also
given to representatives of the Aemy  Signal
Corps Laboratories ( November 1930), who were
urged to use a frequency of abour 100 MHz
tor their radar, for which high-power tubes were
available. This became the frequency of therr
fiest long-range search radar, the Model SCR
270" Te was by means of chis radar that the
Tapanese aircratt were observed when approach-
ing Oahu, Hawait, in their disastrous attack
on Pearl Harbor in 1941 —a warning which un-
fortunately was not heeded. On B3 July 1937,
representatives ot the Bell Telephone Labora-
tories were shown the SO-MHz equipment ro
interest them i engaing i radar work lIa
view of NRL's progress, they decided their con-
tribution could best be made chrough improved
vacuum tubes. However, later they were willing
to undertahe work on the carly  fire-control
radars 110120

200-MHz RADAR

To turther reduce the size of the antenna
through the use of smaller dipole c¢lements,
the development of a 200-MHz radar was under-
taken (8 May 1936) This NRL equipment was
the first radar capable of providing bearings
and position of targets (bearing accuracy
2 degrees). The antenna, of the Yagi type, was
arranged so that 1t could be rotated 1in azimuch
The transmutter used two type 304 tubes (100
watt, W, Woestern Eleanid) an a push-pull
circutt The receiver, a superheterodyne  pro-
vided with 4 preselector and heterodyne con

(I

verter of concentric  transmission-line  design,
responded to four-microsecond pulses. The
first observations with this radar were made on
22 July 1936, and after adjustment  aircratt
could be observed out to a range of 12 miles.

RADAR ANTENNA DUPLEXER

A major step forward in radar was made
by NRL with this 200-MHz equipment when,
shortly after testing began, the first duplexing
circuit, which permitted the use of a common
antenna for both transmission and reception,
was incorporated (July 1936)!" Duplexers
are now used by all radars. This 200-MHz
radar was also shown to the Chief of Naval

Operations and the Assistant Secretary of

the Navy during their visit to NRL on 17 Feb.
1937, to indicate the possibilicies for size
reduction relative to shipboard installations.
This circuit comprised a parallel-rod  trans-
mission line, one end of which was coupled o
the transmutter-tube anodes through capacitors
with a shorting bar disposed one-quarter wave-
lengeh away. This section of the hine was tapped
to provide coupling for the antenna. The section
bevond the bar was adiustable 1 length and
tapped o provide couphing tor the recaiver.
The introduction of  duplexing  reduced  the
autenna structure to one-halt size, greatdy ading
s practicality and  acceptabihiey, partucularly
aboard ships and arrcrate

The relative effectiveness of horizontal,
vertical, and circular polarization of trans-
mitted waves were first studied by NRL with
this radar (August 1936). Eariy observations
were also made on the varinons in echo inten:
sity due to changes in aircratt attitude

FIRST SHIPBOARD RADAR

The NRL 200-MHz experimental equip-
ment with duplexer became the first radar
aboard ship when it was installed on the
destroyer USS LEARY (DD 158). During a
trip out into the Atlantic, ranges on aircraft
out to 20 miles were experienced (\pril
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THE FIRST SHIPBOARD RADAR

An experimental 200 MLz radar was installed on the destroyer USS TFARY, with ity antenna mounted on the scarboard Sanch
cun (o permit iraning on obects Durine 4 tnp out nce the Adantic, arcratt were Jetected and tollowed aut to o nange of 10
miles April 1937 Sea Clutter was hrst obseeved with this cadar The antenna duplexer was nestintroduced durimg the early
work on this radar Tuly 193 One of the ante nas used VYagd 1s shown i the upper photo moanted on the starboard S inch

wun The lower photo shows the recover and indicator deto), and the rransmutter and poser supply center?




RADAR

1937). Sea clutter due to backscatter reflec-
tions from ocean waves was discovered on
this trip.!'*'* The Yagi antenna was mounted
on the starboard S-inch gun for training. (For
comparison, on a later trip a curtain type an-
tenna was used.)

HIGHER PULSE POWER WITH
RECEIVER PROTECTION

It was realized that further progress in radar
performance would require much higher trans-
mitter power. A ‘“ring” type oscillator was

devised by NRL employing six higher power
tubes, then available (type 100TH, Eitel Mc-
Cullough). This oscillator was capable of pro-
viding 15-kW pulses at 200 MHz.'%'" How-
ever, this power level was found to cause in-
jury to the receiver. To avoid injury to the
radar receiver, NRL developed an improved
duplexer which for the first time employed
a “spark gap” in a helium-filled envelope
for receiver protection during transmission
(1937).11e17.18 This gaseous-discharge type
of duplexer for switching between trans-
mission and reception was incorporated in

PLANAR ANTENNA USED WITH THE FIRST SHIPBOARD RADAR

This antenna was one of two used for performance comparison with the experimental 200-MHz radar installed on the USS LEARY
(April 1937). Dr. Robert M. Page is seen examining his product. Dr. A. Hoyt Taylor, superintendent of NRL's Radio Division at
that time and for many years thereafter, stated that Dr. Page “from the outset gave indications of possessing extraordinary ability
and fertility of invention. These qualities resulted in his contributing more new ideas to the field of radar than any other one man.”
Dr. Page’s abilities continued to be recognized as he subsequently rose to be the Director of Research of NRL during the period

November 1957 to December 1966.
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RADAR

subsequent radars. The spark gap was introduced
at a high impedance point in an arrangement of
quarter-wave transmission lines. During transmis-
sion the gap broke down causing, through reflec-
tion, a low-impedance shunt across the terminals of
the receiver with little loss in transmitter power.
During reception the receiver was connected to the
antenna with proper impedance match.

These improvements and others were in-
cluded in an installation in which both the trans-
ceiver and antenna were mounted on the same
rotating platform. This 200-MHz radar had the
highest pulse power at any frequency attained

at that time. Strong echoes from airplanes at
40 miles were commonplace.'® The radar “indi-
cates the position of any airplane near or sbove
the horizon at distances out to 60 miles. Bearing
indications obrained can be repeated to within
less than 30 minutes of arc.” This radar was
completed on 17 Feb. 1938, and demonstrations
were given to many officials during 1938.

THE FLEET'S FIRST RADAR -~
MODEL XAF

Considerable Naval operational interest
had been aroused by the results the Laboratory

THE RADAR WHICH WAS FIRST TO HAVE A PULSE POWER AS HIGH AS 15 KILOWATTS (200 MHz2)

This radar was also first to incorporate a duplexer of the gaseous-discharge type for switching between transmission snd reception and foe
protection of the receives sgsinst injury by the high power during transmission (completed Rebruary 1938). Wich this radar, an sircraft nesr
or above the horizon cauld be observed out to a distance of 60 miles. It was demonstrated to many Navy and Army officials. The antenna is
shown here installed on the roof of NRL B-ilding 12. The sntenna and the transceiver (located below the antenna, in the penthouse) were
mounted integraily with s shaft which extended through the roof. The entire transmitter-receiver system was mounted on a turntsble, which
as it rotated also turned the sntenns; thus permitting bearing as well as range determination on sircrsfe.
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RADAR

had obtained in its experimental work with
tadar. The Commander-in-Chief of the US.
Fleet had requested that “Radio Detection and
Ranging equipment” be provided the Fleet.
In response, a conference was held to consider
the matter in February 1938, at the Bureau of
Engineering. The conference was attended by
representatives of the Chief of Naval Operations
and the Bureaus of Ordnance, Aeronautics, and
Construction and Repair. The deliberations of

60834 (H-254)

WEATHER DATA OBTAINED BY RADAR

The collection of weather data through radar tracking of
balloon-borne reflectors was first accomplished by NRL
(1938). Wind direction and velocity were determined out to
a range of 30 miles. This method of obtaining weather data
with radar is used worldwide today. L C. Young is shown
releasing one of the balloon-borne reflectors. Mr. Young
contributed many important new ideas in radio-electronics
during his long and fruitful Naval scientific carcer (1917.
1967). He and Dr. A. Hoyt Taylor were first to detect the
presence of ships with radio waves (1922). He was involved
in cthe first detection of aircraft with radio waves (1930).
While working on the problem of ehminating key-clicks
in high-frequency transmitters, observing the very short
pulses generated, he became convinced of the feasibility of
using reflectea radio pulses to detect and range on sircraft.
His persistence in convincing the Superintendent of the Radio
Divisson, Dr. A. Hoyt Taylor, of the high probability of suc-
cess led to the beginning of radar work. It was through his
guidance and collsboration wich Dr. R. M. Page 1n carrying
out the work that eadar became a reality.
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this conference resulted in a decision to install
a seagoing model of radar on board a major ship
at the earliest possible date? In implementing
this decision, the Bureau of Engineering allo-
cated $25,000 to the Laboratory to provide the
equipment; this work was accomplished without
cost over-run.

Beginning in March 1938, NRL devel-
oped the first radar to be used in Fleet exer-
cises. This radar, designated the Model XAF
and installed on the USS NEW YORK in
December 1938, demonstrated conclusively
to the Navy the capability and importance of
radar in Naval operations at sea during Fleet
exercises held in Caribbean waters in Feb-
ruary and March 1939. In his report on the re-
sults of the Fleet exercises, the Commander of
the Atlantic Squadron, ADM A. W. Johnson,
recommended that the Navy proceed im-
mediately with extensive installation of such
equipment in the Fleet and stated, “The X AF
equipment is one of the most important mil-
itary developments since the advent of radio
itself. Its value as a defensive instrument of
war and as an instrument for the avoidance
of collisions at sea justifies the Navy's un-
limite