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Preface

From the beginning of the twentieth century, planning of future activities. Furthermore, it
the Navy has been a pioneer in initiating new may be useful to personnel beginning to engage
developments in radio-electronics and a leader in work in specific fields through acquainting
in their utilization in military operations. Since them with what has transpired prior to their
radio-electronics has become an instrumentality entrance. An objective of this document is
of major importance, vital to the defense of the to identify NRL's numerous scientific reports
United States, this document has been written to which are associated with specific radio-electronic
give adequate expression, with supporting evi- topics, so that the detailed information these
dence, to the important steps in its evolution as far reports contain may be made readily accessible
as possible. From its establishment in 1923, the to those who may be involved with the subject
Naval Research Laboratory (NRL), through its re- matter in the future. The document is so arranged
search and development activities, has played a that each chapter can be considered as a separate
major role in this evolution, so the principal part of and distinct evolutionary treatise on the specific
this document is devoted to its contributions in this radio-electronics areas of radio communication;
field and their impact on miiary operations. radar; radio remote control-missile guidance;

radio identification; radio navigation; electronic
By way of introduction to the subject, the countermeasures; precise radio frequency, time,

Navy's early important radio-electronics develop- and time interval; electronic systems integration;
ments through World War I are summarized in and satellite electronics.
Chapter I. The impact of radio-electronics upon
the course of events leading to the establishment
of the Laboratory, its early program generation, About 1910, the original word "wireless," as
and organizational] development are reviewed in relating to matters pertaining to propagated
Chapter 2. The remaining nine chapters state electromagnetic waves, was superseded by the
NRL's many accomplishments which have been word "radio" in the United States. To bring
achieved through its research and deveiopment about advancement in the radio field, the electron
work with respect to radio-electronic phenomena, tube was developed. The versatility of this tube
systems, equipment, and components in support led to the word "electronics" to express its
of the Navy's operational needs. The resulting broad field of applications. The term "radio-
developments have greatly improved the opera- electronics" as used in this document is intended
tional capability not alone of the Navy but also to indicate that the scope of the document
of the other military services and other govern- concerns that part of electronics dealing with the
ment departments of this country and its allies utilization of radiations in the radio-frequency
and commercial interests. spectium of particular interest to the Navy and

Besides its general informative function, this the other military services. The document cites
document may prove of value when change in the Laboratory's contributions which have
duty brings new responsibilities to officials advanced the operational capability of the Navy
requiring background information on pertinent in this field. It is not intended that it cover the
specific radio-electronic topics as a basis for Laboratory's electronic achievements in such

LAi



fields as acoustics and optics, since these have Station, Washington (Anacostia), D.C. In 1923,
been treated by other authors. through transfer of this Laboratory, he became

superintendent of the original Radio Division
of NRL, a position he held until the end of World

The author of this document, during his career War I!. The original staff of this division grew
of over 58 years in Naval research and develop- from a total of 23 to over 1000 during World War
ment, has had the great privilege of witnessing, !!. The Laboratory's present Electronics Area has
from an advantageous observation point, most resulted from the evolution of this original Radio
of the 75 years of evolution of naval radio- Division. As superintendent of this division,
electronics. Participation in activities in this Dr. Taylor was responsible for original develop-
field from the beginning of his scientific career, ments in radio communication at high frequency,
in early Naval laboratories, association with NRL very high frequency, and ultra high frequency,
since its establishment in 1923, and service as and in the fields of radar, radio identification,
superintendent of the later Radio Division of the radio remote control with respect to guided
Laboratory during a period of nearly 23 years has missiles, radio navigation, electronic counter-
enabled the author to develop and maintaincontctswithman knwledeabe meber of measures, and precise frequency and time.
contacts with many knowledgeable members of From an operational standpoint, Rear Admiral
the Navy who have made important contribu- Stanford C. Hooper, whose career covered the
tions, both operationally and scientifically, to period from 1905 through the early days of radio
the advancement of Naval radio-electronics. The and World Wars I and 1i, had a marked influence
author is greatly indebted to these individuals, on the Laboratory's early radio program. His
whose provision of much unique information has activities benefited the author's understanding
made possible the writing of this document. of Naval objectives, viewpoints, and procedures.

For nearly half of his career the author had the During his career, Rear Admiral Hooper held
opportunity of being associated with the Navy's many key radio operational positions, including
senior radio-electronics scientist, Dr. A. Hoyt that of the Fleet's first radio officer, and Head
Taylor, whose scientific career spanned World of the Bureau of Engineering's Radio Division,
Wars I and 11. This association provided the which sponsored the Laboratory's early radio pro.
author with invaluable insight into the scientific His career culminated in the position ofgram. Hscre umntdi h oiino
interpretation and treatment of Navy operational Director of Naval Communications under the
problems. During World War 1, Dr. Taylor, in Chief of Naval Operations. During their careers,
addition to his Naval military responsibilities, Dr. Taylor and Rear Admiral Hooper, each in his
conducted research for the Navy in radio com- respective field, had tremendous impact on the
munication. After this war, he was head of the advancement of Naval radio-electronics.
Naval Aircraft Radio Laboratory, Naval Air

"H.C. Him "A brief Him7 of the Soud Divisio NI.," )a To make NRL's achievements readily apparent
1947. NIL Librr V39484.4H396 Wd to the reader, highlights of special significance

NIfin Klein. "Underwater Souand jad Nava Acouticsl Resarth and have been set forth in the text in boldface letters.
Appicatiom befre 1939.- J. Acaust. Soc. Am, Kay 196 pp. 931- At the end of each chapter, appropriate refer-
947. NILL Librar V394.84.K55 Wd ences to support the statements made in the docu-

Homer 1. Baker, "A Brief Hiuory of the NRL Sound Division ment are given, insofar as it has been possible to
Under the Ladership o Dr. Harold L Sston, 1948.1W7," [Wash. locate the pertinent written material. Reference
in.iae 1967). NIL Ubrw V394.94.83 aef sources include the Annual Reports of the Secre-
J.A. Sadeno, "Optics at the Navl Ieearch Labormwp," Applied tary of the Navy (1898-1910), available in the
Optics. Dec. 1967, pp. 2029.2043, NIL Libivey V39.4.25 R Navy Department Library of the Naval Historical

ato. "Hiabliol of Twemyars of Optical Space ReeachN"
Applied Opcs, Dec. 1967, p.p. 2042070, NaL Library V394- Center. The NRL library has available the Bureau
94.T6 W of Engineering's Monthly Radio and Sound
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Reports (1919-1948), later called Bulletins, later advances in Naval radio-electronics include
and referred to in this document as NRSR (NRL Proceedings of the Institute of Radio Engineers
Library VG77.AI5.B8 Ref); "Naval Research (IRE, now the Institute of Electrical and Elec-
Laboratory Legislative History, 1916-1942"' tronic Engineers, IEEE) and other journals, avail-
(NRL Library V394.B4.U56 Ref); and "Estab- able in NRL Library, as well as numerous reports
lishment and Organizational Documents of the and documents available in NRL's document
Naval Research Laboratory" (NRL Library room. Important references to NRL's contribu-
V394.B4.G41 Ref), containing copies of im- tions are Dr. A. Hoyt Taylor's "Radio Rcminis-
portant papers relating to the formation and cences: A Half Century," available in NRL's
organizational development of the Laboratory. Library (V394.B4.T3 Ref), and "The First 25
The NRL correspondence files, stored in the Years of the Naval Research Laboratory" (V394.
National Archives and the Federal Record B4.T31 Ref).
Center, are available through letter file numbers
and index in NRL's Correspondence and Records The pictures in this document are numbered
Management Office (CRMO, as used in the refer- to permit identification and location in the
ences). Reference sources for both early and Laboratory's photographic files.

LOUIS A. GEBHARD

This document is a revision of NRL Report 7600.

v



Foreword

Rare it is to find the combination of scientist retirement in 1965. He was responsible for many
and historian-and in the right place at the right of the developments in radar, electronic counter-
time. The first fifty years of the exploitation and measures, navigation, electronic data systems,
development of ideas in radio and electronics cryptographic techniques, high-frequency radio
at the Naval Research Laboratory spanned an communications, and satellite communication.
exciting time in both fields. In the 1920s, radio He engaged in many activities which estab-
was in its infancy and radar was yet to be dis- lished the basic guidelines of the Navy's re-
covered. In the interim, through the development search programs after World War II.
of electronic tube technology and breakthroughs Throughout his long career, Dr. Gebhard
in transistor and printed circuit board technology, displayed a remarkable ability to recognize
radio has progressed to its present state of and exploit new and revolutionary technical
sophistication; and radar, having progressed from approaches applicable to a multiplicity of
theory to practicality to military application, serious naval problems. His insight, leadership,
is now a reality. High-frequency communication, and unflagging enthusiasm supported his staff
the mainstay of the Navy in radio communication, in prompt exploration and application of many
has its technological basis in the development important scientific breakthroughs to benefit
work done at the NRL during these fifty years. the Navy. He has received many awards for his

And the man who chronicles these events as outstanding accomplishments, among them is the
they occurred in radioelectronics at NRL, Presidential Certificate which he received in
Dr. Louis A. Gebhard, is that rare combination. 1946.
In 1913, at the age of 17, he was issued one of In 1924, Dr. Gebhard earned a L L. B. degree
this country's first radio operator's licenses. In from Georgetown University; he was admitted
1917, he was engaged in radio work while on to the Bar and was accepted to practice before
active duty in the U.S. Navy, stationed at the the Supreme Court. He earned a B.S. in Electrical
Naval Radio Research Laboratory, Great Lakes, Engineering from George Washington University
Illinois. In 1919, as a civilian, he began original in 1930. He was awarded a Doctor of Juris
research in aircraft radio communication at the degree by Georgetown University in 1967. Over
Anacostia Naval Research Station, Washington, 90 patents have been issued in his name.
D.C. Dr. Gebhard transferred to the NRL in Dr. Gebhard's interest and enthusiasm for
1923 on the establishment of the Laboratory. NRL and science have not been abated by

By 1935, Dr. Gebhard had advanced to the retirement, but have resulted in this history
position of Assistant to the Superintendent of of radioelectronics during the first fifty years
the Radio Division; in 1945 he was appointed of the Laboratory-a fitting pinnacle to a dis-
Superintendent, a position he held until his tinguished scientific career.

ALAN BERMAN
Director of Research
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Chapter 1

EARLY NAVY RADIO-ELECTRONICS

INTRODUCTION be had from other commercial radio manufac-
turing. This situation continued for nearly two

At the beginning of the twentieth century, the decades, until the advent of radio broadcasting
.S.. Navy realized that radio communication during the 1920's.

had reached a stage of practicality such that its use The Navy's recognized leadership in radio
might have great impact on tactics and strategy. placed it in an authoritative position to have
Long-distance communication with ships under- important influence on national legislation and
way, hitherto impossible, could increase the international agreements to control the use of
effectiveness of its operations at sea. Rapid, radio to avoid interference. The Navy became the
direct control from Washington of its sea forces spokesman for the executive department of the
as they ranged the oceans of the world would be government in an effort which resulted in the first
possible, enhancing their application and power. legislation to control radio use in the United
The nation would gain in worldwide prestige and States. It also originated the plan which became
in its diplomatic and economic posture. As these the basis for the international control of the
considerations became manifest, the Navy pro- assignment of frequency channels in the radio
ceeded with initial installations on its ships and spectrum, accepted by the nations of the world.
at its shore stations of the best radio-communica- At the beginning of World War 1, the President
tion equipment it could procure. The Navy there- designated to the Navy responsibility for taking
after followed a program of improvement which control of all the nation's radio-communication
has continued to the present day. The conduct of facilities (except Army field activities) and
the program resulted in the Navy's becoming the operating them for the duration of the war.
principal sponsor of radio-electronics in this During the war the Navy had the responsibility
country and a pioneer in its early development, for handling all radio-communication traffic with

The importance and uniqueness of radio com- foreign nations. After the war the Navy played
municatio~n relative to Navy use gave the Navy a major part in the formation and establishment
dominance over other users and placed it in a of the organization which became the present
strong position to obtain funding from Congress. Federal Communications Commission.
Thus, the Navy was able to provide the principal Among the achievements resulting from the
support in fostering the rapid growth of a radio Navy's early initiative and sponsorship of re-
industry in this country. Due to the availability search, one of far-reaching importance was the
of this industry, possible compromise of national development of the reliable electron tube during
security through reliance upon foreign suppliers, World War 1. Prior to this development, tubes
particularly in wartime, was avoided. Navy had such short life and poor performance as to
sponsorship was particularly important to the make them unsatisfactory for service use. The
new industry during the critical period following availability of reliable electron tubes after the
the initial installation of equipment on com- war was a major factor in the great expansion the
mercial vessels, to provide for safety at sea- After radio industry experienced with the advent of
this initial activity, little financial return was to radio broadcasting. The versatility of the ee-
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tron tube ushered in the new era of electronics munication. 14 The Navy followed these develop-
which in later years was to have a tremendous ments with keen interest, in view of its increasing
impact on the nation's economy and interests, need for more rapid communication between the

an in-house scientific activity to provide support squadrons operating in various parts of the

in the radio field and established a laboratory world.' Cables to many remote points were
for this purpose in 1908. Later, this support was available, but rapid communication between
augmented by additional facilities to engage in these points and ships at sea was lacking. In 1898
other phases of the radio field. These activities this need was highlighted by Admiral George
proved their worth, particularly during periods Dewey's experience at Manila Bay during the
of lack of commercial interest in the Navy's war with Spain, in which fighting could have been
progressive needs, which was strongly evident terminated sooner if prompt communication had
both before and after World War 1, when profits been available. When Guglielmo Marconi first
from large procurements were giot available, brought his radio equipment to this country to
When the establishment of the Naval Research report the International Yacht Races held off
Laboratory was proposed, those members of the the New Jersey coast in September 1899, the
Navy staff directly responsible for the existing Navy arranged for a group of officers to witness
radio activities gave early and strong support to its performance. The favorable results obtained 7

the proposal. They realized that consolidation led to a demonstration of Marconi's equipment
of radio activities at one location in the new installed on the USS NEW YORK (armored
Laboratory, and association with other fields of cruiser No. 2), the battleship USS MASSA-
science in which the Laboratory was to engage, CHUSETITS (BB-2), and the torpedo boat USS
would bring increased effectiveness and pro- PORTER (DD-59), and on shore at the High-
ductivity. In the Naval Research Laboratory, land Light at Navesink, New Jersey. The Navy
the Navy gained a fertile capability in radio- appointed a board of officers to observe tests of
electronics which placed at its command new the equipment, which were conducted in late
scientific means of critical import to its success October and during November 1899.'1 The tests
in contending with the new and much more were successful and demonstrated the utility of
powerful modes of warfare it was to experience ship-shore and ship-ship radio communication.'
in future years. The USS MASSACHUSETTS was able to re-

The highlights of the technological progress ceive transmissions from the USS NEW YORK
in radio-electronics brought about by the Navy, out to a distance of 46 miles. On 2 Nov. 1899,
the sequence of events following the early origin the first 'official" naval message transmitted
of the Navy's in-house research activity in this from a naval ship was sent from the USS
field, culminating in its consolidation with the NEW YORK to the Navesink, New Jersey,
establishment of the Naval Research Laboratory, station to provide for refueling the ship at
and the extensive contributions of this Labora- the Navy Yard.' 0

tory which have enabled the Navy through the
ensuing years to maintain its scientific leadership
in the field, are reviewed in this document. BEGINNING OF THE NAVY'S RADIO

COMMUNICATION SYSTEM
THE INCEPTION OF At the conclusion of the 1899 tests the Navy

U.S. NAVAL RADIO proceeded to negotiate with the Marconi Wire-

Toward the close of the 19th century experi- less Telegraph Company to obtain equipment
menters had achieved considerable success in in quantity for installation on its ships and at
demonstrating the practicality of radio com- its shore stations. However, this company was

2
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I a

COMPONENTS

1High voltage induction coil 4 GATN

2 - Mercury-jet rotary primary current '
interrupter -uiMmT

3 - "Variable inductance" - HF autotrans-
former, with seven Leyden jars inside -

total capacitance - 0.014 uF

4 - Adjustable spark gap PAS.
6

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 coil

8 - Morse tape printer - ZtD(TWY NAMPH@ CMKCTS~t-
-SL*NYRI as.?. STATIOK

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 (IX)2). This equipment, called the Slaby.Arco system. was produced by
the General Electric Company. Berlin. The -spark" transmitter had a power input of
I kW and a range of 100 miles. and it operated at a wavelength of 200 to 400 meters
'50 to [1500 kHz). The receiver used a coherer detector and a telegraph signal printer.
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reluctant to sell equipment outright and instead system. Equipments of higher power and greater
offered a royalty arrangement which was not sensitivity were needed to cover greater dis-
acceptable, since the Navy believed it would tances and to operate without mutual inter-
lead to a monopoly in this country. Furthermore, ference and with greater reliability. The newly
there was concern over interference experienced acquired Panama Canal Zone brought about the
in the tests when two stations were transmitting requirement for communication with the main-
at the same time and whether adequate selec- land and with ships and bases in the Caribbean
tivity could be provided to avoid this inter- Sea.'6 The diplomatic difficulties encountered
ference. In view of these considerations the Navy in the use of submarine cables at Manila during
decided to investigate all likely sources of the Spanish-American War emphasized the im-
equipment and to select the best for quantity portance of radio to provide communication
procurement."1 coverage of the Pacific. Sources of supply of

Radio equipments produced by United States radio equipment within the United States were
and European organizations were studied to sought to avoid procurement hazards inherent
determine their potentialities and availability, in relying on foreign sources, particularly in
As a result, prior to the end of 1902, the Navy wartime. By 1906 the Navy had obtained from
purchased equipments from two American and seven commercial concerns equipments for 57
four European companies for comparison. Test ship and 39 shore stations, totaling 96, nearly
stations were established at the Washington half the total number of stations in the world.' 7

Navy Yard and the U.S. Naval Academy, An- In the tests of these equipments which followed,
napolis. Maryland. Two ships, the USS PRAIRIE ranges up to 640 miles between ships were
and USS TOPEKA, were made available.'2 covered.' 8 Shore stations were established at
Testing conducted during the fall of 1902 and 23 key points on the east and west coasts of the
the spring of 1903 resulted in the selection of United States. A station in Panama gave accept-
the Slaby-Arco System, produced by the General able communication with one in Florida, pro-
Electric Company, Berlin.' 3 During the tests, viding the required contact with the Canal Zone.
communication was maintained between the Stations in Cuba and Puerto Rico provided addi-
USS PRAIRIE and the Annapolis station out to tional coverage of the Caribbean. Installations
a distance of 90 miles, and between the two ships at Pearl Harbor, Hawaii, and Cavite, Philippine
out to 62 miles.' 4 Forty-seven Slaby-Arco equip- Islands, and on the islands of Guam, Marianas,
ments were purchased in 1903. These, together and Tatoosh (Washington), provided the first
with other equipments obtained for the tests, coverage of the Pacific."9
provided a total of 58 equipments which were
installed on ships and at shore stations. With
the completion of these initial radio installa- EARLY RADIO TRANSMITTERS
tions early in 1904, the U.S. Navy's radio- Heinrich Hertz, in demonstrating the basic
communication system was launched. 5  principles of radio for the first time (1887-1888),

used line-of-sight propagated frequencies (ap-
proximately 24 to 960 cm, or 31.3 to 1250

EARLY RADIO EQUIPMENT MHz) 20 The range possible in direct transmis-

DEVELOPMENT sion over the surface of a curved earth was thus
severely limited. Marconi's success was due to

In 1903 the Bureau of Equipment of the Navy the use of the lower frequencies, which extended
Department established a Radio Division, to the transmission range through refraction by
have cognizance over the procurement of radio the ionosphere. A frequency of approximately
equipment. This division proceeded to provide 313 kHz (960 meters) was used in the first trans-
additional equipment for expansion of the Navy's Atlantic radio transmission emitted from the

LAS
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10-kW station at Poldhu, England, and received (300 to 500 kHz) for ships."' Shore stations
by Marconi on 12 Dec. 1901, at Saint John's were assigned wavelengths up to 2700 meters
Newfoundland.2' Another factor attending his (I1I1 kHz). Navy procurement of transmitters
success was his use of the "coherer," attributed for ships continued at power levels from 1/2
to Edouard Branly ( 18 9 0 ),22 which provided a kW up to 10 kW. By 1906 power levels up to
much more sensitive detector than the "spark 35 kW had been attained for shore stations.
gap" used by Hertz. Furthermore, with the Power capabilities continued to increase until
"spark- technique then available, the use of the the peak of the spark-type transmitter was
lower frequencies permitted the generation of reached in the 100-kW synchronous rotary
much higher radio-frequency transmitter power. spark-gap transmitter, which the Navy obtained

from the National Electric Signalling Company
Spar Trasmitersand installed at the Arlington, Virginia station

in 1912."5 In comparative long-distance tests at
Early radio installations utilized the spark that time, this spark transmitter (2500 meters,

transmitter, which derived its energy from the 120 kHz) proved inferior to a 35-kW "arc"
discharge of a capacitor (Leyden jars) across a transmitter developed by the Federal Telegraph
fixed gap. The capacitor was charged by an induc- Company and installed at the same station
tion coil operated on direct current through an (1913). This event, together with the subsequent
interrupter (vibrator, mercury, or electrolytic) availability of the vacuum-tube transmitter,
or by a transformer powered by alternating resulted in the decline in procurement of spark
current. Antennas were made as large and high transmitters, which ceased altogether after
as ship masts and superstructure permitted. The World War 1. The spark technique basically was
wavelength of the transmitter was largely con- not capable of improvement to meet the Navy's
trolled by the characteristics of the antenna. recognized requirements for interference-free,
Only rudimentary tuning was incorporated in to tactical and strategic communications. However,
the circuits- Due to the spark method of genera- it had served well in providing a simple, readily
tion, the radio-frequency energy was spread over available means of generating radio-frequency
a very wide frequency band, resulting in serious energy to facilitate the early utilization of a
mutual interference between stations. By 1906, new and important communication capability.
coupled circuits were extensively utilized, with
primary and secondary circuits separately tuned; r rnsitr
this innovation provideu some improvement in AcTasitr
limiting the spread of the energy in the radio- The superior qualities of undamped, con-
frequency spectrum.23 Subsequently, the spec- tinuous waves, particularly with respect to
trum occupancy was further reduced through mutual circuit interference, were recognized
quenching" of the spark. The fixed enclosed quite early, but difficulties in generation, fre-

quenh gp, te rtaryquechedgap andthe quency stability, control, and reception had to
"timed spark" were introduced to accomplish be overcome before they were acceptable. The
this reduction. The interference experienced "acmehdognrtigotnuswvs
was to a certain extent also due to the lack of truhteueo eoatcrutcnannthrough thegnen use ofqunc ahnnl reoatciioonann
pratoper asnent onfrequedsinc cnstol a direct-current arc between carbon-copper elec-

station nde o ia eq ae dscpiay.o to trodes in a magnetic field and a hydrogen atmo-
of prsonel.sphere had been introduced by Valdemar

The standard wavelength for spark transmis- Poulsen in 1903. However, not until 1907 did
sions from Navy ships and shore stations was the Navy obtain its first arc transmitters as
first set at 320 meters (938 kHz). Later this part of its first radio-telephone equipment.
assignment was changed to 600 to 1000 meters This equipment was intended to meet the Navy's

6
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- -a

- 60834 (313a)'

60834 (313b).

EARLY RADIO COMMUNICATION INSTALLATION BATT~LESHIP
USS NEW JERSEY (1914)

The "spark" transmitting and receiving equipment in the radio room of the USS

NEW JERSEY is a typical pre-Worid War I installation. To the left is the spark

transmitter; the spark gap is below the shelf, the Leyden jar capacitance is above.

and the loading coils ate 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 exttreme right
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!AII

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

NAA was the Navy's "central" radio station for communication from the Navy
Department to Fleet Commanders and provided coverage of the Atlantic and con-

tinental U.S. The installation included the highest radio cowers in the U.S., the
"Three Sisters~ (tine 600 fg, two 400 ft), located At Arlington, Virginia. and the

most powerful transmitter in the U.S. 1100 kW. 113 kHz). This transmitter (lower
picture) comprised a generator And rotary spark gap (lower left), compressed-air
(apicitance (in tanks. lower right), and oscillation transformer (top).
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fleet tactical communication requirements. in 1913 in overseas (Atlantic) tests carried out to

Two equipments, constructed by the DeForest a distance of 2100 miles in daytime, using the

Company, and installed on the battleships same large antenna at the Arlington, Virginia

USS CONNECTICUT and USS VIRGINIA, station for both transmitters. Based on the re-

gave fair results. Subsequently, 26 equipments suIts of these tests, the Navy ordered ten 30-kW

were obtained and installed on the ships par- arc transmitters for shipboard use and one of

ticipating in tht famed Great White Fleet in its 100-kW power for installation at the Darien,

around-the-world cruise begun in late 19(". 26  Canal Zone station. Subsequently the Navy, in

Hasty construction due to the short time allowed developing its high-power chain of radio sta-

for delivery and lack of follow-up and of ade- tions, installed arc transmitters at Chollas

quately trained operating personnel caused poor Heights, California (200 kW), Pearl Harbor,

performance, resulting in abandonment of the Hawaii (350 kW), Cavite, Philippine Islands

equipment. As a result the Navy was without (350 kW), and Annapolis, Maryland (500 kW),
radiotelephone equipment until about 191". the last being completed in 1918.27 These were

This experience was an important factor in re- the highest powered arc transmitters in the

tarding the development of intrafleet radio United States. They were replaced by the model

communication. TB.I 500-kW vacuum-tube transmitters in June

The arc transmitter, due to its output of 1934. A considerable number of arc transmitters

undamped waves, produced much less inter- of 2 to 30 kW power levels were installed.

ference than the spark transmitter. This factor principally on the larger Navy ships. However,

became of considerable opcrational importance. reception aboard the same ship during arc trans-

As previously mentioned, an arc transmitter of missions, even with large frequency separation,

30-kW rating had outperformed a 100-kW was impractical due to interference from arc

spark transmitter. This accomplishment occurred mush" and the proximity of the equipments.

THE HIGHEST POWER ARC GENERATORS
IN THE UNITED STATES

Two 5o-kW arcs I -. 50 kHz) were installed in the L:.S. Naval Radio Station, Annap-

olis, Maryland NSS) (1918) for coverage of the Atlantic Ocean, England, and Europe
The arcs were replaced by the Model TBJ 5O0-kW vacuum-tube transmitter (l934).

9
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711

TYPICAL WORLD WAR I 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 at the lower right. These equipments provided ranges up to 4000
miles operating on wavelengths between 1200 and 3000 meters (250 to 100 kHz).

This interference could be avoided in shore tube circuits were capable of amplification and
installations, which permitted adequate physical modulation with great flexibility and precision,
separation of reception and transmission facili- a capability not possessed by the arc. By 1922,

, ties. Arcs gave their best performance at the the problem of producing a vacuum-tight seal

longer wavelengths and were assigned channels between copper and glass had been solved,
prin(ipally in the range 2000 to 4000 meters making the use of the water-cooled metal anode
(75 to 150 kHz) for ship installations and 4000 tube feasible.29 3'0 High radio-frequency power

* to 17,000 meters (17.5 to 75 kHz) for shore to match that of the arc could then be produced,
installations. The arc transmitter reached its the arc was thereafter displaced by the vacuum-

peak at the 1000-kW level, as developed by the tube transmitter. Its demise was accelerated
Federal Telegraph Company under Navy sponsor- during the 1920's through the advent of exten-

ship for the Lafayette Radio Station near Bor- sive national interest in radio broadcasting and

deaux, France. This station was turned over to the reaction of the public to the arnoyance

France in 1920.28  caused by the "arc mush" interference.

By this time, the vacuum-tube transmitter
proved capable of greater effectiveness in spec-
trum occupancy than the arc, since it could be High.Frequency (HF) Alternator
far more precisely controlled in frequency and Transmitters
was free of the "mush" attending the generation
of the arc's radio-frequency energy, which caused Beginning in 1903, the HF alternator, in the
considerable interference. Furthermore, vacuum- form of a rotating machine, had been looked

10
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upon as an attractive source of HF energy. It was which decohered the filings by striking the tube,
free of the mush, characteristic of the arc, but thus reactivating the circuit. In some installa-
presented difficulties in design with respect to tions the coherer was connected directly to the
high power, frequency stability, modulation, antenna and ground, and in others it was coupled
and operation at a sufficiently high radio fre- through a transformer. As was the case with the
quency, which had to be overcome. In early 1917, early transmitter, the selectivity of the early
the General Electric Company completed a 50- receiver depended almost entirely upon the char-
kW HF alternator based on a design by Dr. E. F. acterisitcs of the antenna to avoid interfering
W. Alexanderson. Two such alternators were signals.
installed at the American Marconi Company As a result of the early radio tests, the Navy
station at New Brunswick, New Jersey, which

was convinced that the solution of the problemwas taken over by the Navy at the beginning of of selectivity was vital to success in its utiliza-
World War . These alternators were found to tion of radio circuits for communication between
have performance superior to that of a l0O-kW its various ships and shore stations, many of
arc due to the relatively pure sine wave of the
generated power, high efficiency, and ease of which must operate simultaneously. Immediate

modulation. Subsequently, the General Electric attention was focused on this problem. By 1902,
Company developed a 200-kW, HF alternator the use of tuned coupled circuits to improve
(22.05 kHz) which was installed at the New selectivity had begun. Inductances, adjustable

Brunswick station in January 1918 for Navy with taps and continuously variable by means of

operation.al This transmitter carried the bulk sliders," and continuously variable capacitors
of the radio traffic between this country and had been developed. By 1906 circuits of im-

Europe for the remainder of World War I and proved selectivity were in general use. However,

for a period thereafter. On I Mar. 1920, Presi- the extent of improvement was limited by the

dent Wilson approved the return of the radio efficiency of the circuit components available

stations taken over by the Navy during World at that time and by the limitations of Navy
War I to their owners, thus causing the transfer procurement procedures in the selection and
of the New Brunswick station and the alternators control of contractors. By 1906 the superior

to the Radio Corporation of America, successor properties of the electrolytic, magnetic, and
of the Marconi Company. The superiority of the crystal (e.g., silicon, carborundum, galena) de-
alternators and their value to radio communica- tectors had become recognized, and these dis-

tion was well recognized by the Navy. However, placed the coherer. The telephone receiver head-

the progress made in the development of vacuum phones accompanied these new detectors to
tubes with water-cooled copper anodes which provide a combination for aural reception having

could provide high power with mechanical considerably greater sensitivity than the coherer.
simplicity, ease in changing frequency over a The Navy's adoption of arc transmitters for
wide range, capability of operation at very high operational use required a new means of detec.
frequencies, and far better control brought about tion suitable for reception of the continuous
the Navy's abandonment of the HF alternator, waves generated by the arc. This need brought

about the development of the "tikker" circuit.

EARLY RADIO RECEIVERS employing a rotating metallic wheel with a brush
in light contact. This device, due to variability

Early radio receivers used the "coherer" detec- of the contact, produced groups of audible
tor, comprising a tube containing metal filings sounds in the headphones corresponding to the
which became conductive through coalescence transmissions by the charge and discharge of a
when subjected to a radio-frequency field. The capacitor. The tikker was soon superseded by
coherer operated a tape recorder and a "tapper" the. "heterodyne" method of reception, which,

II
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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 circuit 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 vertical cylindrical containers with knobs on top are early variable con-
densers. Several pairs of headphones are also seen. A considerable number of the IP-76
receivers were procured and distributed to the Fleet and to land stations.

although devised by Reginald Fessenden in 1902, although quite limited in gain, nonuniform in
was not found practical until the oscillating performance, and unreliable, were used to some
vacuum-tube circuit became available in 1913. extent until early in World War 1. The Navy

also obtained a considerable number of DeForest

EARLY VACUUM TUBE RADIO vacuum-tube oscillators, termed ultraaudion,"
EQUIPMENT about this time, but they were of such poorquality the Navy had to redesign them. However,

Although Lee DeForest invented the three- their use made feasible the Fessenden heterodyne
element vacuum tube Caudion") in 1906, it was method of reception which, with its clear "beat"
not until 1912 that the multistage audio amplifier, note, was for continuous-wave reception far
and in 1913 the oscillator using these tubes, superior to the tikker method.
became available. During 1913 the Navy pur- The Navy, in its efforts to utilize vacuum
chased a number of DeForest audio amplifiers tubes, experienced great difficulty in obtaining
equipped with audion tubes, assigning one to tubes of adequate performance, uniform quality,
each ship and shore station. The amplifiers, long life, and of low enough cost to make their

12
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J TUBE

N TUBE . ,

60634 (S23)

ELECTRON RECEIVER TUBES USED IN EARLY NAVY RADIO EQUIPMENT

The audion (1912) gave very little 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 However, this tube found only limited use.
attempts were made by various organizations to These tubes were followed by a thoriated-
improve the vacuum tubes, considerable time filament tube (SE1444) which had superior per-
elapsed before acceptable tubes became available. formance in receiver amplifiers operating at
By 1913 the American Telephone and Telegraph radio frequencies. It was used to a considerable

Company (AT&T Co.) had developed a receiving extent in communication and navigation equip-
vacuum tube employing an oxide-coated cathode, ment, particularly that for aircraft. These tubes
which had substantial gain and reasonably long were all triodes, and truly superior amplifica-
life. This tube, which became known as the J tion performance in receiver tubes did not
tube (later CW933), was subsequently incor- become available until the tetrode tube, with its
porated in many Navy radio receivers.32 In shielded grid, appeared later in the 1920's.
1920 a small counterpart of the J tube, known as Substantial increase in the power output of
the N tube, was developed for the Navy (AT&T vacuum tubes was not attained until 1915, when

Company) as a first attempt at miniaturization, the AT&T Company developed the first vacuum

13
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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.33

The equipment was used again during the war 60W4 (524)
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 life 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.34 This tube had acceptable service
performance and was incorporated together with
the J receiving tube by the AT&T Company into
equipment for the Navy (1916).3a During COMMUNICATION EQUIPMENT
World War i, over 1000 sets operating at 500
to 1500 kHz (CW936), using these tubes and This equipment, the CW916. was intended for Fleet opera-

designed for shipboard operation, were installed tions And was used extensively during World War I,

on submarine chasers, destroyers, and battle-
ships. These equipments were of inestimable
value in the antisubmarine campaign. The British
also made use of this equipment in their opera- reception performance on aircraft was very poor
tions. This equipment provided a considerable due to the existing high interference levels.30
improvement over the spark and arc equipments Toward the end of World War I the General
in reduced interference between stations and Electric Company began the development of a
facility of operation. This vacuum-tube equip- series of highly evacuated tungsten filament
ment made effective voice communication for vacuum tubes with power levels of 5 watts
Fleet operations available for the first time.3 (type T, later CG 1162), 50 watts (type U, later
A similar equipment (CW1058), designed for CG 1144), and 250 watts (type P, later CG916).
aircraft operation, found service use, although These tubes, although not having the emission

14
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efficiency of the oxide-coated cachode, proved to capacity, and inductance had been made, but no
have acceptable life, uniformity, and reliability quantitative measurements had been attempted
and were "standardized" for Navy serviCe.37 .3 for aspects such as energy losses in components.

By early 1921 the General Electric Company The determination of the efficiency of trans-
had produced a l-kW tube (type CG2 172), and mitting and receiving equipment could not
by late 19)21 a 5-kW (nominal) tube (CG 1353). properly be made. There was no "well-defined
At this time both the General Electric Company conception of the laws relating the energy sent
and the AT&T Company had developed tubes out from the sending antenna and that received
employing water-cooled metal anodes, and this at the receiving antenna, beyond a distance of a
type of tube was used thereafter to provide the few miles." As a result, specifications and tests
higher powers in Navy equipment. The lower were directed primarily to the communication
power tubes were further improved through distance covered and to the capability of equip-
replacing the pure tungsten filaments with ment to continue operating, particularly in a
thoriated filaments, thus considerably increasing shipboard environment.
the electron emission and power-level perfor- As previously mentioned, by 1908 the Navy

mance of the tubes. had experienced failure to obtain satisfactory
Tubes of the General Electric Company series performance from a considerable number of

were first used in several aircraft radio transmit- early radio-telephone equipments it had pro-

ters produced for the Navy and made by the Gen- cured. It was realized that this failure was due

eral Electric Company at the end of World War largely to the lack of an in-house organization
1.031 Subsequently, they were incorporated into with adequate technical competence which

a series of transmitters of several power levels could concentrate its efforts on radio problems.
for shipboard and shore-station operation, This situation led to the establishment of
covering frequency bands in the medium and the U.S. Naval Radio Telegraphic Laboratory
lower frequency parts of the radio spectrum.33 in the autumn of 1908, under the Navy's

Bureau of Equipment. Working space and fa-

INCETIONOF AVALIN-HUSEcilities were made available for it at the National
RNCADIO N OFSA VARC-HHS Bureau of Standards, although a considerable

RADI RESARCHportion of the work for it was done at Navy radio

Early Navy radio equipment was developed by stations ashore and on shipboard. The laboratory
commercial companies under Navy sponsorship, was placed under the direction of Dr. L W.

since the Navy did not possess a suitable in- Austin, a noted physicist and an authority on
house capability. Although Naval military per- radio, who continued as its head until the labora-

sonnel made such modifications of equipment as tory was merged with others to form the Radio
were possible with available facilities, their Division of the U.S. Naval Research Laboratory

attention was directed principally to the drafting (NRL) in 192 3. Its staff reached a peak of approxi-
of specifications, the issuance of contracts, mately ten persons.
supervision of tests, and acceptance of equip- The Naval Radio Telegraphic Laboratory
ment under procurement. The Navy had to place carried on an extended effort to obtain data on
considerable reliance upon the statements of laws which govern the radiation of radio waves
manufacturers as to the performance which could over long paths. Observations were made on
be expected from equipment. Up to 1908, asess- transmissions from various Navy ship and shore
ment of the performance of radio equipment stations on low and medium frequencies. As a
was almost entirely on a qualitative basis. Quan- result, what is considered to be the first
titative measurements, even by the commercial formula for radio-wave propagation over
concerns developing the equipment, were ionospheric paths, supported by experimental
limited. Some measurements of wavelength, data, was developed. 40 This became known as

L15
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60&4 (314)

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 craft in flight to the USS STRINGHAM,
also done on the measurement of antenna radia- located three miles away in the vicinity of the
tion resistance, the losses in inductances and U.S. Naval Academy, Annapolis, Maryland,
capacitances, the performance of various crystal on 26 July 1912. A quenched-spark transmitter
detectors, the analysis of three-element vacuum- powered by a 500-cycle generator driven by the
tube circuits and the characteristics of arc oscil- aircraft engine and a fixed antenna suspended
lation generators. The laboratory also assisted from the aircraft wing were used. Reception on
the Navy in the preparation of specifications and the aircraft (by crystal detector) was limited to
the testing of radio equipment. very strong signals from nearby stations, due to

the ignition and other noises of the plane.34d
AIRCRAFT RADIO COMMUNICATION Following this early demonstration, the weight

limitation on available aircraft was a deterrent

The Navy's interest in the use of aircraft for to further action until 1916, when equipments
scouting and gun shot spotting brought about were purchased by the Navy from four com-
the first radio transmissions from Naval air- mercial companies. The need for adequately
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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
Wright B-I aircraft (1912). This aircraft was one of (he 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 Late in 1917, after the United States entered
establishment of the Naval Aircraft Radio the war, the need for aircraft radio equipment
Laboratory at the Naval Air Station, Pensa- for antisubmarine patrol, convoy, scouting, and
cola, Florida, in the summer of 1916. 34d The shot spotting became evident. Contracts were
only equipment that showed promise at that placed with the International Radio Telegraph
time (type CE6IS, by E. J. Simon) comprised a Company, Cutting and Washington, National
500-watt spark transmitter using a trailing-wire Electric Supply Company, Western Electric Coin-
antenna of variable length. The receiver used a pany, and the Marconi Company to provide both
vacuum tube in a regenerative circuit, but it had spark and vacuum-tube transmitters. These
to contend with aircraft electrical interference, equipments were tested by the Aircraft Radio
which limited its reception range. The equip- Laboratory, but their use during World War I
ment weighed 100 pounds and transmitted signals was limited .3 4

9 The laboratory also devised a
over a distance of 150 miles. Using one of these helmet with headphones which could be worn
equipments, the first "official" message was with comfort.32e It was at this laboratory that
transmitted from a seaplane in flight over a the first measurements of aircraft antenna char-
distance of 20 n. mi. to the cruiser USS acteristics were made"
NORTH CAROLINA on 15 March 1916 .34e Early work was done by the laboratory on radio

On I January 1918, the Naval Aircraft Radio direction finders for aircraft. A rotating-loop
Laboratory was transferred to the Naval Air type equipment for mounting in the tail area
Station, Hampton Roads, Virginia, where the was developed. However, bearing errors were

work of testing aircraft radio equipment was considerable due to the high radio and acoustic

continued.14f noise levels on aircraft and due to deviationsI
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introduced by close proximity to metallic parts To meet the problem, the Bureau of Steam
of the aircraft structure. The "minimum" method Engineering* decided to establish an in-house
of bearing determination could not be used. capability to develop its own radio equipment,
Instead, a "maximum" method was used em- to draft rigid specifications, and to manufacture
ploying two loops disposed at right angles; a the equipment commercial companies would not
reversing switch through which the voltage of agree to make. In June 1915, the Bureau desig-
one loop could be added to or subtracted from nated six of its Navy Yards to assume respon-
the other permitted determination of the equi- sibility, each for certain radio components.4"
signal point and the bearing, as the loops were Civilian expert radio aides were obtained to
rotated'32d.34A take charge of the work in the several Navy

Yards. Of this effort, the greatest impact on
THE BEGINNING OF THE NAVY'S the Navy's system was brought about by the

IN-HOUSE DEVELOPMENT OF work of the Washington Navy Yard. assigned
RADIO EQUIPMENT the development of radio receivers and wave-

meters. This activity became known as the
The performance of radio equipment the Navy Radio Test Shop (RTS). Its establishment at

had been able to obtain for a considerable period this time coincided with the beginning of the
prior to 1915 lagged behind that possible with exploitation of the vacuum tube, permitting the
the existing state of the art. For instance, low- RTS to make important original contributions
loss inductances had been designed, but com- in this field.
mercial standards did not permit their use. The The RTS, in 1915, proceeded to develop a
Navy had procured a radio receiver (IP--6) from series of long-wave, medium-wave, and short-
the Wireless Specialty Company in which tuning wave radio receivers, which were manufac-
was accomplished by the cumbersome and in- tured in large quantities and used practically
adequate method of taps on inductances selected exclusively throughout the Navy during
with switches. This receiver, obtained in large World War I. Some types were used for many
numbers even though it was known to have poor years thereafter. The first of these, the SE95
selectivity, was installed on practically all Navy (30 to 300 kHz) and the SE143 (100 to 1200
ships and shore stations and remained in service kHz), had preselector and vacuum-tube circuits
until early in World War I. The patent situation arranged in separate cabinets, with provision
was also a deterrent factor in obtaining updated made for the use of crystal detectors if neces-
equipment. since commercial concerns were re- sary. These were the first receivers to have dials
quired by the Navy to assume responsibility directly calibrated in wavelength, and the first
for any patent infringement involved in equip- with low-loss inductances which used multiple
ment they furnished. Furthermore, the equipment insulated conductors to reduce eddy-current
produced under the standards used by com- loss. These receivers were followed shortly by
mercial manufacturers lacked the ruggedness the SE1420 (43 to 1260 kHz), which provided
necessary to contend with Navy shipboard er. for the first time a vacuum-tube feedback circuit
vironment. The many serious deficiencies were for regenerative gain on damped signals and
forcefully brought to attention during the oscillator operation for heterodyne reception
Mexican incident in 1914, when President - on continuous waves.'2"
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 'Thu Bureau (it Equipment UASfivd, And the rvjin
ference with communications between the Fleet ibilit" for radioi was aigntd tit the Bureau ol SW~AM Fn
and Washington. gintring on iOjunt' 1910
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effect certain improvements in direction-finder the functions of radio transmission and recep-
apparatus. In 1923 the radio research and de- tion to reduce interference and to allow simul-
velopment work of the Navy Yard groups, to- taneous operation. Naval Radio Station NAJ,
gether with associated personnel, was transferred located on the Training Station site, served as a
to NRL to become part of the newly formed relay point for messages sent between Washing-
Radio Division. ton, D.C. and the west coast, since direct trans-

mission was not satisfactory. Simultaneous
transmission and reception at the site was not

U.S. NAVAL RADIO LABORATORY, feasible due to the high-power arc transmitter
GREAT LAKES, ILLINOIS interference. Circuits were devised by the Lab-

Early in 1917, at the beginning of U.S. entry oratory using long wire and loop antennas
into World War i, Dr. A. Hoyt Taylor left his which "balanced out" the transmitter inter-
position as head of the Physics Department of ference, including arc mush, thus for the first
the University of North Dakota and became time permitting simultaneous transmission
District Communication Superintendent for and reception on a single site. A doubling of
the Great Lakes Naval District with headquarters communication traffic capacity resulted (August
at the U.S. Naval Training Station, Great Lakes, 1917).
Illinois. Dr. Taylor was responsible for all war- Early in 1918 the activities of the Great Lakes
time radio and wire communications activities Radio Laboratory were transferred to the Naval
in an area encompassing the Great Lakes, west to Radio Station at Belmar, New Jersey.
the Mississippi River, and south to Kentucky. In
addition, his previous interest in radio research NAVY TRANSATLANTIC
led to his establishment of a radio laboratory and COMMUNICATION SYSTEM AND
assembly of a suitable staff at that station during RESEARCH ACTIVITIES (1917-1918)
the summer of 1917. The Navy at that time was
greatly concerned over the possibility of the In October 1917, Dr. Taylor was directed by
transatlantic cables being cut by German sub- the Navy Department to assume responsibility
marines. To contend with this threat, early for the establishment and operation of a trans-
work was undertaken to determine the poten- atlantic radio communication system with head-
tialities of underground and underwater quarters at Belmar, New Jersey. This system
antennas to improve reception from overseas comprised facilities taken over by the Navy from
very-low-frequency (VLF) stations (20 to 75 commercial interests, principally the Marconi
kHz). The results obtained by the Laboratory Wireless Company, under powers incident to
were sufficiently favorable that these antennas war. The facilities included transmitting stations
were considered for use in proposed trans- located at New Brunswick, New Jersey (call
atlantic communication installations. Experi- letters WII, later NFF, 200 kW, 22.05 kHz),
ments on these types of antennas, both trans- Tuckerton, New Jersey (call letters WGG, later
mitting and receiving, were also conducted at NWW, 100kW, 18.85kHz), Sayville, Long Island,
medium frequency (500 kHz) to determine their (call letters SLI, later NDD, 100 kW), and re-
operational performance and optimum length ceiving stations at Belmar, New Jersey, Chat-
with respect to frequency. The feasibility of ham, Massachusetts, and Bar Harbor, Maine.
transmission from an antenna buried in the This system represented the most comprehen-
ground was demonstrated by transmissions over sive assembly and centralized control of radio
a distance of 0 miles to Chicago, Illinois, using equipment accomplished up to that time.
a 250-watt vacuum-tube DeForest transmitter.43  Through its use the principal functions of radio

In 1917 the Navy had to use shore-station communication during World War 1, i.e., com-
sites separated by a considerable distance for munication with European stations and broadcasts

20
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to ships in the Atlantic, were carried out. All In July 1918, Dr. Taylor was directed by the
World War I transatlantic radio communications Radio Division of the Bureau of Steam Engi-
were handled by this system, with Belmar as a ncering to proceed to the U.S. Naval Air Station
relay center for messages to and from Washing- Hampton Roads, Virginia, to assess the status
ton via telegraph circuits. Communication was of aircraft radio development with view to deter-
maintained with high-power foreign radio sta- mining action necessary to advance progress of
tions at Carnarvon, England (call letters MUU, the work.
300 kW, 21.13 kHz), Lyons, France (call letters
YN, 150 kW, 22.2 kHz), Nantes, France (call U.S. NAVAL AIRCRAFT RADIO

letters UA, 33.35 kHz), Stavanger, Norway (call LABORATORY, WASHINGTON

letters LCM, 300 kW, 25.00 kHz), and Rome, (ANACOSTIA), D.C.

Italy (call letters IDO, 350 kW, 28.57 kHz).44  The Bureau of Steam Engineering decided
The German version of the war events, trans- that aircraft radio could be more expeditiously
mitted from the high-power station at Nauen, advanced if research activities were located in
Germany (call letters POZ, 600 kW, 23.80 kHz) Washington, D.C. As a result, in October 1918,
was monitored. The messages leading to the Dr. Taylor was directed by the Bureau to establish
armistice were interchanged directly with the the U.S. Naval Aircraft Radio Laboratory, NARL)
Nauen station. at the U.S. Naval Air Station, Washington (An-

Early radio countermeasures intercept was acostia), D.C." The Laboratory staff subsequently
accomplished at the Belmar station through the assembled included members of the research
observation of certain transmissions from the assebeincl members ofth researchgroups previously associated with Dr. Taylor
Nauen station on an unusual frequency, con- and members of the staff of the Naval Aircraft
sidered to be used for communication to the Radio Laboratory, Hampton Roads, Virginia,
German submarines in the Atlantic. which upon their transfer was disestablished.

In addition to carrying out these responsibil- The staff of the Washington group totaled about
ities, Dr. Taylor continued his interest in re- 15. Due to lack of space at the Naval Air Station,
search, through reassembling most of the Great part of the staff was located for a while at the
Lakes research group. Work on long underwater National Bureau of Standards. That part of the
and underground wire antennas was continued to staff located at the air station utilized a building
seek improved transatlantic reception. Means provided previously for the testing of aircraft
of "balancing" loop with wire antennas were receivers. Although its title designated the
devised whiLh provided discriminatory antenna laboratory as "aircraft" oriented, the research
patterns; these patterns created improved signal- work extended to many other aspects of the radio
to-noise ratios on European stations with respect field, and soon NARL found itself acting as
to static from the tropics. This technique was principal advisor to the Radio Division of the
then used extensively for transatlantic reception Bureau of Steam Engineering on all phases of
operations. Considerable field intensity and radio.
signal-to-noise-ratio data were obtained on the
VLF stations over the long oversea paths. The
results of studies of this data were utilized in Radio Broadcasting
determining the design of subsequent Navy VLF In 1919, NARL began the exploration of those
communication installations.45  frequencies immediately above the medium.

Early work on radio-frequency amplification frequency band to determine their capability
was also done here. The techniques developed to provide additional channels for Navy com-
were incorporated in the transatlantic receivin, munications. Transmitting and receiving equip-
circuits, providing improved reception. ments operable at the higher frequencies were
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THE NAVAL AIRCRAFT RADIO LABORATORY' (1918-1923)

The Navali Ai rcraft Radio I.,horatiris %as located at the Naval Air Station. Washi ngton (A nACOSt, M . pending the con
struction Of facilities At NRL As shown. the Laboratory was host ito members of the American Radio Relay League (ama-
teurs) dluring their convention in Washington, February 1922 It was the excellent cooperation of the radio amateurs
acting xs observers throughout the naition that Made it jpossible tor the Laboratory to determine the skip diStance versus
trequentv kcharacteristiss kit high-trequeviy wave propagation It was Atr this Laboratory that the hrst dletection of ships
with retiecred radito wav-es mas ak iimplihed 19)_2 The .iokrari rs was Also A pioneer in rid to bro~ad csting 1 1022)

developed using vacuum tubes then, availasble. provide increased data for its propagation
To obtain observers for the conduct of' propagas- investigations by instituting regular radio
tion invest igat ions, contasct was established with broadcasts. The rapid rise of active public
radio amateurs, who at that timec were restricted interest in broadcasting brought into being
ito the use of the higher frequencies. Through an extensive audience, which by 1920 was de-
their excellent cooperation considerable data manding scheduled broadcasts of all sorts of
were obtained on NARL's transmissions from new material. Music, songs by noted singers.
points throughout the United States, and talks by distinguished persons were broad-

cast, principally on 350 meters (858 kHz). The
The Anacostia laboratory, soon to become laboratory station call letters, NSF and NOF,

one of the original parts of the Naval Research became widely known. Many reports from
Laboratory, sought additional observers to grateful listeners throughout the country
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FIRST RADIO BROADCAST BY A PRESIDENT OF THE UNITED STATES (1922)

Thea.ddress ot President WX G, 11 .in na. the kdt-dition tit the Lint oli nt emoial on ;o NI .19' ~2 \%,is broa.icst from the

* ~~Naival Air,.raft Raio laiboratory. Anacostia. anti the N iv, s Rad~Iio ( entral station at Arli ngton. V irgi ni The equ i pmnt
used tor both statioins w%,,s devel oped by scientists who laten becam 1.in ofn it hu originali stifl oit N RI Thue equi pmnt 3ut

Anatolstia is shown in the. i nset at lower r ight

* were received. During 1922, a number of the. United States, F~irs( broadcasts of- note Wery

original broadcasts were accomplished, in- those by Contgressmna n (J. L Cable of- Ohio, 10)
cluding that of the first address by a Congress- Feb. 1922), a Senator (Senator Henry Cabot
man, by a Senator, by a Chief Justice of the Lodge of' Massachusetts),. a Chiet"Justice. of thle
U.S. Supreme Court, and by a President of the Supremec Court (Chiet' Justice: White). the- U.S,
United States. The first broadcast of a session Marine Band (I - May 1922), andi the U.S. Navy
of Congress was also made (1922). The firs( Band. An address of the President of the United
talks to bc broadckast, a series on scientific sub- States was first broadcast on 3() May 1922, when
pects. wvere given beginning on 21) May 192 1, by President W. G3 Harding dedicated the Lincoln

memnbers of thle staff (it N ARL Public-health Memorial in Washington.,ID.C. -28 klI-1Z) 4
8 The:

lectures. a series given by the U.S. Public Health first broadcast ot* a session of Congress wvas ac-

8Wi8 k 1~ 1/) 4ls wevre schedule-d twvice a wveek I larding delivered his annual address to A~ joint

3and wvere first made by the Surgeon hitivral of session of both houses -00)( )." '
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The Laboratory constructed a radio broadcast using a "nodal point" technique. The first multi-

equipment and installed it at the Navy's station pie radio reception system, allowing many
at Arlington, Virginia, in late 1922, so that it radio receivers to be operated from a single
could be relieved of the routine broadcast work, antenna, was also devised (1922).3 ,5 This
which was beginning to interfere with its re- receiving system was installed on the battleship
search." This equipment was the first to provide USS WYOMING and was successfully demon-
regular voice broadcasts of weather reports (423 strated during operations in the Caribbean Sea
kHz). and in Pacific waters during the early part of 1923.

This early radio broadcast work included the The "centralization" of radio equipment and
development of several broadcasting techniques, the establishment of a "radio central" was
the need of which became obvious as the work first accomplished in an installation aboard

progressed. Means for signal-modulation moni- the USS COLORADO (1923). The installation
toring, audio-frequency equalization to avoid incorporated the multiple reception system.
distortion, acoustic treatment of broadcast The transmitting and receiving functions were
enclosure walls, microphone placement ,and separated to reduce interaction by locating the
switching, and "on-the-air" signals were intro- transmitting function at one end of the ship and
duced'SIa the receiving function at the other end, with

This work of NARL on the higher fre- transmitter controls and receivers in a "radio

quencies provided a substantial contribution central." This practice is continued in current
toward the advancement of radio broad- shipboard installations.5,s

casting. The work also demonstrated to the
Navy the possibilities of these frequencies for Aircraft Radio
long-range radio communication.

During its existence, NARL was the principal

Radio Detection military organization engaged in radio research
directed to the solution of aircraft problems.

NARL proceeded to develop vacuum-tube Some of the original work done at this laboratory
transmitting and receiving equipment capable follows.
of operating at frequencies up to 300 MHz and The "night effect" at low radio frequencies
used this equipment in the conduct of short-range was discovered (1919). 55 This effect is charac-
communication experiments. With this equip- terized by violent fluctuations of radio bearings

ment (at 150 MHz, with a 50-watt tube), the due to nocturnal variations of the ionosphere.
reflections of radio waves from a ship were The discovery was made during investigations
first observed (1922). The possibilities of conducted to determine the feasibility of naviga-
detection and location of objects by this method tion through the use of radio direction-finder
was brought to the attention of the Bureau of bearings obtained on signals from foreign high-
Engineering.5 2 The results of the work are con- power radio stations, in preparation for the first
sidered a significant step toward radar. crossing of the Atlantic by airplane, later accom-

The first multiple radio transmission sys- plished by the Navy's NC-4 seaplane.
tern which permitted the simultaneous opera- Aircraft radio shielding was devised which
tion of three transmitters on one antenna was made feasible for the first time effective two-
devised (19 22).slb Two vacuum-tube transmit- way aircraft radio communication at medium
ters on different radio frequencies and a low- frequencies (1920).5 .57 The radio energy gen-
frequency arc transmitter were accommodated, erated by an aircraft engine ignition system was

prevented from radiating, and thus interfering

'The title of the Bureau of Steam Engineering was changed to the with radio reception, by enclosing all spark
Bureau of Engineering on 4 June I920. plugs, cables, and attending devices within an
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encompassing metallic shield. This shielding Summaries of the work of early experimenters include the following

was a major factor in demonstrating for the three references.
2. R.H. Marriott, "Radio Ancestors," IEEE Spectrum, June 1968first time the feasibility of "homing" by air- 3 C. Susskind, "Papov and the Beginning of Radiotelegraphy,

craft to aircraft carriers over long distances IRE, pp. 2036-2047, Oct. 1962

(190 miles), through the use of radio bearings 4. C. Susskind. "The Early History of Electronics." IEEE Spectrum
a. Part 1, Aug. 1968, p. 90

on ship transmissions (F-5-L aircraft flight to b. Part 2, Dec. 1968. p. 57
USS OHIO at sea, 6 July 1920).11 This tech- c. Part 3, Apr. 1969. pp. 69-74
nique was subsequently used by aircraft carriers. d. Part 4, Aug. 1969, pp. 66-70

5. Report of the Secretary of the Navy. 1900, p. 319: Navy De.
The first aircraft radio-communication partment Library

equipments giving effective and extended ser- 6. "Admiral Dewey and the Manila Campaign," 1947, pp. 88-89,
vice in the Navy (1922) were developed es.s 9 .60 Naval Historical Foundation. Inc., Washington, D.C.: Navy

Department Library, Wa. 8.245.CI1
Both fighter plane (SE1375, 20 watts, 570 to 750 7. Bureau of Equipment. Navy Department letter to SECNAV of
kHz) and patrol plane i SE1385, 500 watts, 300 Nov. 9, !899, forwarding reports of observers; National Archives,

to 570 kHz) equipments were provided. These Washington. D.C.; also see J.B. Blish. LT USN "Notes on the
Marconi Wireless Telegraph." U.S. Naval Inst. Proc., 1899, pp.

were purchased in quantities and installed in 857-864
virtually every Navy operating aircraft. 8. SECNAV letter to LCDR J. T. Newton of Oct. 23, 1899; files of

The first radio transmissions of teletype Bureau of Equipment. National Archives, Washington, D.C.
9. Report of the Secretary of the Navy to the President, 1900, p.printed messages were accomplished by 319

NARL, with instrumentation devised to make 10. Report of Board on Marconi System of Wireless Telegraphy."

the use of teletype feasible over radio circuits. Nov. 4, 1899; files of Bureau of Equipment. National Archives,
Washington, D.C.Transmissions were made for aircraft to ground iI. Report of the Secretary of the Navy. 1902, pp. 10-31 and ;75.

(and the reverse) while the aircraft was in flight 376; Navy Department Library

(1922).6 The devising of this instrumentation 12. W.H.G. Bullard, CAPT, USN "U.S. Naval Radio Service," U.S.

was an important step toward effective remote Naval last. Proceedings 1914 pp. 432-471
11 J.M. Hudgins, LT USN, "Instructions for the Use of Wireless

control by radio. Telegraph Apparatus," Bureau of Equipment. 1903: Navy De-

Since these projects were elements of a con- partment Library, SET: U: E 64H, NRL Library 621.3843.H884

tinuing program conducted by personnel awaiting 1(Ref.)
thenaailabilita onde byeerson f ac iti e 14. "Report of the U.S. Naval Wireless Telegraph Board," Aug. 28,the availability of new research facilities, they 1903; files of the Bureau of Equipment, National Archives,
will be more completely treated subsequently in Washingon, DC.

this document, under appropriate subject titles. 15. Report of the Secretary of the Navy to the President
a 1903. pp. 3"73-375

On 16 Apr. 1923, when the facilities of the Naval b. 1904, pp. 62-64

Research Laboratory first became available, the c. 1905, pp. ;19-320
16 Repott ol the Secretary of the Navy to the President, 1904, p. 18

personnel and activities of NARL were trans- i.7 Report of the Secretary of the Navy, FY 1906. pp. 50.52. Navy
ferred to become the major component of its Department Library

newly formed Radio Division. 18. Letter, Commander-in-Chief, U.S. Atlantic Fleet, to SECNAV.
Jan. 22. 1906; Office of Naval Records and Library, Series RG45

19. Report of the Secretary of the Navy to the President, 1904, 1905
20 Heinrich Hertz, "Electric Waves." 1888. English translation by

DE. Jones, 1900; NRL Library 537 H536
REFERENCES 21. O.E Dunlop, "Marconi-The Man and His Wireless," MacMillan.

New York, 1937. p. 96
I. Bradley A. Fiske. "From Midshipman to Rear Admiral." New 22. E. Branly, Compres Rendus, 1890. Vol. IlI. p. '785

York. The Century Co., pp. 97-l01. 191)1 In 1888. LT Bradley A. 23. R.H. Marriott. "United States Radio Development." Proc. IRE,
Fiske USN (later ADM Fiske) transmitted signals from USS June 1917, pp. 179-195
ATLANTA. lying at the New York Navy Yard. to a tug over 24. S.S. Robison, "Manual of Radio Telegraphy and Telephony,"
short distances by the use of interrupted direct current through 1918, United States Naval Inst
a coil of several turns wound around the Atlanta. The voltage 25. W.H.G. Bullard. CAPT, USN "Arlington Radio Station and its
induced in a similar coil wound around the tug produced signals ,Activities in the General Scheme of Naval Radio Communica.
in a telephone receiver connected to the coil. However, it appears tion," IRE, Oct. 1916, p. 421
that this transmission was accomplished through "induction" 26 "'Report of the Secretary of the Navy," 1907. p 146. 1908. p
rather than through "radiation" of an electromagnetic field. 313, Navy Department Library
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neering. Section 1919', p. 6M0 19)20, p. 714; Navy Deparmntn it pp. 47-48

Library b. p. 49

28. LF. Fuller. 'The Design of Poulsen Arc Converters for Radio 43. A. Hoyt Taylor. "Short Wave Reception and Transmission ott

Telegraphy." Federal Telegraph Co.. IRE, Oct. 1919, Vol. 7. No. Ground Wires (Subterranean anid Submarine)," IRE. Aug. 1919.

5; also Report of the Secretary of the Navy to the President. pp. 337-362

1920,pp. 704. 714-715 44. -Report of the Secretary of the Navy," 1918, p. 529. Navy De-

29. W. Wilson. **A New Type of High Power Vacuum Tube." Bell partment Libre"y

System Tech.)J., July 1922. pp. 4-17 45. A. Hoyt Taylor. "Long Wave Reception and the Elimination of

30. W.R.G. Baker. "Comtmercial Radio Tube Transmitter. IRE, Strays on Ground Wires (Subterranean and Submarine).' IRE.

Dec. 1923. pp. 601.659) Dec.- 1919

31. E.F.W. Alexanderson. 'Trans-Oceanic Radio Communication,~ 46. "Report of the Secretary of the Navy." 1919. p. 603, Navy De-

IRE. Aug. 1920, p. 263 partment Library

32. T. Johnson. Jr,. "Naval Aircraft Radio." IRE, Apr. 1920. Part 1) 47. NRSR. Jan. 1922, p. 63

a. pp. 110.111 d. pp 119,120 48. N RSR. Aug. 19
2 

2.pp 8-I11

b. pp. 87-99 C. pp. I1I1- 114, 121 49. New York Times. 9 Dec. 1922

C. pp. 109.1 10 f. pp. 115-119 50 NRSR. Feb. 1923.

33 S.C. Southsworth. 'Forty Years of Radio-Research." 1962. pp. at. p. 7

22-25; NRL Library 621.384.S728 b, pp. 7.8

34. T. Johnson. Jr., "Naval Aircraft Radio." IRE, Feb. 1920, Part I c. pp. 16-27

a. pp. 42-44 e. p. 6 51. NRSR. "Experiments in Radio Telephony."* July 1922

b. pp. 55-57 f. p. 1 a. "Experiments in Radio Telephony" pp 115.116,

c. pp. 40-55 g pp. 32-40 b p 4

d. p. 5 h. p, 7 c. Problems 162-A. 165.A pp. 24.25

35. T. Johnson. Jr.."Naval Radio Tube Transmitters." IRE, Oct. 1921 52. N ARL letter from CO..- U.S. Naval Air Station. Anacostia DL.

a. pp. 193-397 to bureau of Engineering. 1321.A.48, 27 Sept. 1922. "Radio

b. pp. 5'A i i Telegraph -Experiments with Extremely Short Waves." NRL

36. R.S. Griffin. RADM. "History of the Bureau of Engineering. file S67143(X)-l. "Transmission andi Reception at Ultra-High

Navy Department During the World War," Navy Department Frequencies.' Federal Record Center. NRL CIMO

0fficr of Naval Records Library, Publication Part 1, No. 5 (l'922), 53. NRSR, Oct. 1922. p. 29

NRL Libriry M.900-2 T2 i81 (Rr[) 54. NRSR. Nov. 192 3, pp. 3- 10

55 A. Hoyt Taylor. "Variations in Direction of Propagation of Long

37. NRSR. Mar. 1920, pp 19-2 1 Electromagnetic Waves." National Bureau of Standards Papers

38. T. Johnson, Jr.. "Naval Radio Tube Transmitters." IRE. Oct. No .5,199,pp. 419)433

192 1. pp. 181.4 13 56. NRSR. Radio Research Problem No. Elimination of Induction

W9. LW Austin, "T'he Work of the U.S. Naval Radio-Telegraphic Onboard Aircraft." Dec. 191'), pp 29.10

Laboratory.~ J. American Society of Naval Engineers. Vol. 24. 57. NRSR. Problem No 5. "Elimination of Induction Onboard

No. 1, Feb. 1912 Aircraft, Feb. 1920. pp. 4 3,44

40 LW. Austin. "Some Quantitative Experiments is Long Distance 58, NRSR, Aug. 1920. pp 50&51
Radioitelegraphy,' National Bureau of Standards Bulletin. Vol. 59, NRSR. July. Aug 19)2', pp. 1-.14
7. 1911.p 115 60. NRSR. Oct.. Nov., Dec 1928, pp 44-62

41. "Plan for Coordination of Work at Navy Yards." Bureau of Steam 6L NRSR. Oct. 1922. pp 25.29. Problem 126 B
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Chapter 2

THE ESTABLISHMENT OF
THE NAVAL RESEARCH LABORATORY

INTRODUCTION

For many years, to improve its materiel, the innovation. Such work as could be done to
Navy had utilized the products of science inso- improve technology was carried out principally
far as circumstances permitted. It had also under- at Navy Yards, where anything of an exploratory
taken in-house scientific work in certain fields of nature was subjugated to the exigencies of
interest. To advance navigation, the Navy in- their prime functions of construction and main-
itiated specific efforts in hydrography (1830), tenance, and it suffered accordingly. The scope
standard time ( 1830), and astronomy (1834), of such work was limited usually to the area of
the responsibilities for which were assigned to responsibility of the particular Bureau, Divi-
the Naval Observatory and the Hydrographic sion, or Branch involved, and also by the meager
Office in 1866.1 .2 The Navy had long been con- scientific resources available. When a proposed
cerned with technology which would improve proiect embraced the responsibilities of more
its ordnance, ship-hull design, propulsion, than one Bureau. difficulties in jurisdiction and
machinery, fuels, and lubrication, and solve its funding arose which tended to discourage prog-
fouling and corrosion problems. From time to ress. No means existed to bring together exper-
time it had set up particular activities to deal tise in several scientific disciplines, familiar
with these subjects. Official acknowledgement with naval problems, which could provide that
of the importance of science to the Navy was cooperative interdisciplinary scientific activity
expressed when Secretary of the Navy, the leading to the generation and development of
Honorable William C. Whitney, in his annual new ideas. Serious effort to bring about a change
report to the President ( 1885), stated "A Naval in this situation did not occur until the nation's
vessel at the present moment is a product of involvement in World War I was imminent.
science... It is of little service to a nation to
have any Navy at all unless it is a fair expression THE NAVAL CONSULTING BOARD
of the highest scientific resources of its day .- 2

However, in his efforts to attain this objective Early in World War 1, the devastating effec-
the Secretary came to realize that serious and tiveness of Germany's submarines forcefully
frustrating impedimeits existed. demonstrated to the American public the

Under the Navy Bureau system, established in impact science could have on warfare capability
1842, the Congress had imposed such detailed and the necessity for preparedness should this
control of Navy funding and such rigid organi- country be drawn into the conflict. Thomas A.
zational structure, with closely specified func- Edison, in an interview reported in the New
tions, as nearly to preclude opportunity for York Times Magazine issue of 30 May 1915,
basic scientific investigation and exploratory expressed his views on preparedness for war,
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and proposed that "...the government should its scope to consideration of new ideas and in-
maintain a great research laboratory, jointly ventions submitted for advancing warfare and
under military and Naval and civilian control . eventually assumed this function for the entire
In this laboratory ".. .could be developed the military organization. In dealing with these
continually increasing possibilities of great new ideas the board soon recognized the need
guns, the minutiae of new explosives, all the of adequate experimental facilities. Although
technique of military and Naval progression the Navy had available such organizations as
without any vast expense..............the Naval Observatory and the Naval Experi-

The Secretary of the Navy, then the Honorable mental Station, Annapolis, Maryland, it was

losephus Daniels, the first government official considered that the existing facilities were
to initiate action to deal with the new condi. wholly inadequate to contend with the problems
tions of warfare, decided to establish a *"De- looming so large on the horizon at that time.
partment of Invention and Development" in The provision of suitable facilities was the
the Navy to consider all new ideas and sugges- subject of a study by a special committee headed
tions for improvement of the Navy and to by Mr. Edison, who took a great personal interest
perfect those selected as worthy. The Secretary, in the matter. It was considered that the Navy
on 7 July 1915, outlined his plan in a letter to should have a new laboratory "...for experi-
Mr. Edison, requesting him to act as advisor to mental research only..." which would have "...a
a board to be established to recommend means corps of technically trained men... .developed
for attaining the Secretary's objective. Mr. during peacetimes. .. .who would be familiar
Edison assented to this request on I 3.July 1915. with Naval Affairs and the present state of

The "Naval Consulting Board" which resulted development of the arts used in Naval Warfare
from this action comprised 24 ". ..leaders in the whenever war comes. This technical personnel
inventive, engineering and industrial world...," would be the nucleus for the mobilization of
nominated by 11 of the largest engineering scientists for war. .. .Money could be spent on
societies of the country. This board was a pioneer research and development without first making
organization in dealing with inventions and an exact estimate of cost. ... Experiments on new
scientific work in preparedness for war. Mr. ideas could be conducted... .without expecting...
Edison became the board's first chairman. Its a useable product out of each experiment.
first formal meeting was held at the Navy .. The Laboratory's objective... .would be to
Department in Washington on 7 October 1915.1 increase the knowledge of the Navy in regard

An "Office of Inventions" was established to the Arts and Sciences... .the management
under the Secretary of the Navy "to coordinate would be civilian... .under the direction of a
the considerations of all suggestions, ideas, Naval Officer. ...of high rank... distinguished by
devices and inventions-and to refer such as his scientific attainments and managerial capacity
were deemed worthy .to the "...Board and who should report directly... .to the Navy De-
Departmental experts." On 7 December 1915, partment..." free from ". ..Bureau Control..."

RADM William Strother Smith (then Captain) "The various Bureau Chiefs should turn over
was appointed head of this office and Liaison their problems... .to the Laboratory .--'
Officer with the board. 6  On 15 Mar. 1916, Secretary Daniels, Mr.

In its early days, the board covered a wide Edison, and certain members of the board ap-

field, carrying on a general campaign for indus- peared before the House Naval Affairs Corn'
trial preparedness which led to the formation mittee of Congress in support of the proposed

of the Council of National Defense. Since the Laboratory? It was considered that the Laboratory
council concerned itself with the broader func. owes its existence to the work of the board, and

tions of preparedness, the board soon limited particularly to its chairman, Mr. Edison, since
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Tite Naval ConsBuinug Ileard of Use United Slale

TN. group of dlelngulehed scientissan - dviasxy paneal for tnol
matel form"e by seery" of the Navy joeephus Denials, Mae the
original proposal for a .,Novel Eapenlmenlal Laboratory" In 191S.

I Dr. Frankr J, Sprague 10 Mr W L R Emett 19. 27 Adirral Ridley MoLar
2 Ar, Lawrenrce Addicks It D r A G Webster. 20 2& Mr B B Thayer
3. Dr, M. R. Hutchinson 12 Dr L H, Beaseland 21. Admiral Win. Strother Smth 29, "a. Gen. Lansune (USMC)
4 M, Thomas A. Edison 13 Admiral Leigh 22. 30. Dr W iR Whiltey

Mr. J~sahrr Danielsi 14 Mr:. Spener Miller 23 Mr Elmer A, Sperry 31 Admiral 0 W Taylor
Mr W.n Saunders is M Thomas Floblmms 24 Admiral W H Beneo0n 32 Mr Matthew B. Sellers

7 Mr Franklin 0. Roiosevalt tO Mr A M Hunt 25. Mr Bion J Arnold 31 Mr, Hudson Maxim

I. Mr Howard E. Coffin 17 Mr Andrew L. Rise, 26 Admiral J Strauss 34 Dr R S. Woodward
9Dr Peter Cooper Hewilt Is 603060

COMMITTEE OF THE NAVAL CONSULTING BOARD CONCERNED WITH
A NEW NAVAL LABORATORY (NRL)

Thomas Edison IChairman) (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 Solciety. Dr. R. S, Woodward ( N). 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

"Wirelesa and Communications" (Radio), Dr. Peter Cooper Hewitt (Chairman) (9). inventor of the mercury arc light and rectifier.
nominated by the Inventor's Guild; Dr. W. R. Whitney (10); Dr. A. G. Webster (I I, professor of Physics, Clark University.
nominated by the American Mathematical Society; "Special Problems" t(icluding detection of submarines with Sound). Dr. B. G.
Lamnme (ChairmAn) 4 ), nominated by the American Institute of Electrical Engineers. 'Chemistry." Dr. W. R. Whitney (Chair-
man) (10);t "Physics," Dr. A. G. Webster (Chairman) 0 1), "Metallurgy." Dr . W. Richards (Chairman)) ."lcrct. Dr. F.J.
Sprague iChairman) (1); "Optical Glass," Dr. L H. Baekeland (Chairman) 112).
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ErotaRsUUNTAL ANDo xsnAita5i LAsosiayoxy: For laboratory aind
*eiis'winao research work on the subject of gun erosion, torpedo motive power.mas the grope, submarine gons, protection sginst submarine, torpedo

and mine attack, improvement in suhmarine attachments, imprcove-
mataddevehioment in submarine engines, storage batteries and
= abonaerpinissand aircraft, iprovement in radio installa.

__and such othe n..ma7 work for the benrefit of the Govern.
iset, service, including the con..truction, equipmrent, and operation

of a laboratoy, the employment of scienti ic civilian anaistants a
may become necessary, to be expended under the direction of the
Secrfeta of the Navy (limit of cint not to exceed $1,500,04)0),

W1~h $1,000,0- Proeidrd,'Mlat nothing herein shall be construed as pro-~ eting or interfering with the conitinuation or undertaking of name-
sery experimental work during She fiscal year ending June thirtieth,

at ..- nineteen hundred and seventeen, as heretofore conducted under other
pmes appopritions: Proveidd further, 7%at tho Seretary of the Navy

shall maike detailed reports to the Congress not later than June thir-
tieth, nineten hundred and seventeen, and annually thereafter,
showing the manner in which all expenditures hereunder have bae
made.

Approved, August 29, 1916.

THE ACT OF CONGRESS ESTABLISHING
THE NAVAL RESEARCH LABORATORY

Public Law 241, approved 29 August 1916, H.R. 15947, 64th Congress, Session 1.

GROUND-BREAKING FOR NRLS FIRST BUILDING

Secretary of the Navy, the Honorable losephus Daniels, broke ground for NRL's Building I 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. CoontzUSN.
then (Ihief of Naval Operations, is to the immediate right of the Secretary and in the background. RADM William Strother
Smith, USN, NRL's first Director. appears further to the right and in the foreground.
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on 29 Aug. 1916, Congress appropriated SI, Daniels, with the Chief of Naval Operations,
000,000 for construction of a Naval "Experi- then ADM R. E. Coontz, present.
mental and Research Laboratory," a sum which On 13 Sept. 1921, RADM William Strother
was increased to S 1,500,000 by Congress on Smith was ordered to additional duty as Director
4 Mar. 191 7.9 The name of the Laboratory was of the Laboratory by the Secretary of the Navy,
changed later to the "Naval Research Labora- then, the Honorable Edwin Denby, in recogni-
tory" (NRL). This change was recommended by tion of his valuable contributions to obtaining
the Director in 1924, during Congressional the Laboratory.'5 However, RADM Smith retired
hearings for FY 1926 appropriations, and it on 15 Sept. 1921, before construction was
appeared in Public Law 398, approved I I Feb. completed. CAPT E. L. Bennett was appointed
I1926.10a to succeed him on 31 Dec. 1921, and was the

The board, after considering several sites for Laboratory's director at the time of its formal
the location of the Laboratory, recommended commissioning on 2 July 1923.
its consolidation with the Naval Experimental
Station, Annapolis, Maryland. Mr. Edison did ORGANIZATION OF THE
not agree with this, preferring a site on the NAVAL RESEARCH LABORATORY
Sandy Hook Peninsula in New Jersey. In later
years, in a letter to the Director of NRL, com- At the time the construction of NRL's first
plimenting the Laboratory on its development, buildings was nearing completion, the bureaus
Mr. Edison said that his objections to an alter. of the Navy Department evinced little or no
nate location had apparently been without interest in sponsoring work at NRL, with the
foundation.",, However, this lack of agreement exception of the Radio Division of the Bureau
on a site at a critical time, together with the of Engineering. Other bureaus felt they had
beginning of direct U.S. involvement in World adequate facilities, such as those at the Naval
War I on 6 Apr. 1917, delayed the start of con- Engineering Experiment Station, Annapolis,
struction of the Laboratory until the war was Maryland. The head of the Radio Division of

over. the Bureau of Engineering, CDR Stanford C.
After the war, a report of the Navy's Engineer. Hooper (later RADM Hooper), was strongly

in-Chief, Chief Constructor and Chief oi the convinced of the importance of consolidating
Bureau of Ordnance, transmitted to the Secre- the radio and sound research work of the several
tary of the Navy, recommended proceeding laboratories of his division in one location.
with construction of the Laboratory as pro- He thought that this work should be done at
posed by a preliminary committee representing NRL.16 In this matter he had to contend with
the Bureaus of Steam Engineering, Construction the objections of the Chief of the Bureau of
and Repair, Ordnance, and Yards and Docks. Engineering, then ADM J. K. Robinson, who
Acting on this recommendation, Secretary considered existing facilities adequate. The
Daniels on 20 Oct. 1919 authorized construc- nation's economy was then just recovering from
tion of the Laboratory and directed the Bureau the postwar depression of the early 1920's, and
of Yards and Docks to proceed.' 2 This action funding was difficult to obtain. The great pres-
included the decision by Secretary Daniels sure for disarmament caused Congress to scru-
that the site for the Laboratory would be at the tinize closely all military appropriations, and
"Bellevue Arsenal... .on the Potomac River... the project for a new laboratory was an attractive
down the river from Washington.'" Surveys, target to effect economy, particularly in view of
plans, and specifications were prepared and the lack of general Navy bureau support. The
proposals opened on 15 Oct. 192().'4 Ground funding that had previously been provided by
was broken for the first Laboratory building Congress was barely adequate to cover construc-

(now numbered 1) on 6 Dec. 1920, by Secretary 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 192? by the Assistant Secretary of the Navy, then the Honorable
Theodore Roosevelt.Jr. (seated fourth from left). The Laboratory's Director, CAPr 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 NRL as an organization devoted to Naval re-
for "maintenance" and little for "operations." search would not have been realized at that
The funding provided through CDR Hooper's time.116 Congress finally appropriated S100,000
organization and the prospects of the transfer for FY 1923, for maintenance and operations'06,
of the research activities he sponsored became and the Laboratory got underway.
important factors. It was through CDR Hooper's Construction of NRL's buildings reached a
aggressive interest, and the support given by stage of completion making occupancy possible
RADM Smith and several members of the Naval early in 192 3. The Radio Division of the Bureau
Consulting Board in appealing directly to of Engineering had formulated a plan for the
Congress, that cancellation of funding for NRL consolidation of its radio and sound research
by Congress was avoided. Had it not been for and development activities at NRL-'T In ac-
their persistent efforts the establishment of 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 buildinp-a laboratory (Building 1l, a machine shop (Building 2), a
foundry and other support facilities tBuildings 3 and 4., and a power plant (Building i). 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 was located it the Navy Department, with the
Naval Radio Telegraphic Laboratory were responsibility for the immediate operation of
transferred to NRL on 16 Apr. 1923, to form the Laboratory residing in the Assistant Direc-
its Radio Division, with Dr. A. Hoyt Taylor tor. On 13 Nov. 1928, the Laboratory was
as its Superintendent. 8 At the same time, the established as an independent unit under the
Sound Research Section of the Naval Engineer- Assistant Secretary of the Navy,'- 22 then the
ing Experiment Station, Annapolis, Maryland, Honorable Curtis D. Wilbur.
part of a research group assembled at New In 1931, the Chief of the Bureau of Engineer-
London, Connecticut, during World War 1, and ing, supported by the Chiefs of the other tech-
temporarily quartered at Annapolis, was trans- nical bureaus, recommended that the Laboratory

ferred to NRL to become its Sound Division, be transferred to the cognizance of the Bureau
with Dr. H. C. Hayes as its Superintendent. of Engineering, since this bureau had provided
Due to these transfers of personnel, 16 Apr. most of its support during its existence by al-
1923 is the date of the actual beginning of location of funds and assignment of problems.
NRL's scientific activities. However, the Labora- The legality of this action, relative to the Act
tory was formally commissioned on 2 July 1923 of Congress establishing the Laboratory, was
(I July was a Sunday) by the Honorable Theodore questioned. The Judge Advocate General of
Roosevelt, .1r.,1 9 then the Assistant Secretary the Navy, whose opinion was sought, reported
of the Navy. The two divisions first to be or- that the Secretary of the Navy had authority
ganized, Radio and Sound. were begun with under existing statues to so at 2: Although
scientific staffs totalling 14 for Radio and 3 the proposed transfer of the l.iboratorv con-
for Sound. On the date the Laboratory was travened the important printiple whi.h led tt)
officially commissioned, the research staff had its establishment ori'ginal ly, the 1.aboratorv
incrcascd, to 24, anti thi' personnel, together was "placed under the cognizanie of the Bureau
with that of the Director's office and shops, of Enicineering" on S Nov I ) I, b the Sec r-
brought the total Laboratory staff to approxi- tary of the Navy, the Honorable( F Adani%
mately 55. To complete the Bureau of Engineer- Shortly thereafter ( I')MI the Set rctary
ing's plan, the development and design activities requested the Navys G~eneral Board to Lon-
of the Radio Test Shop, V'ashington Navy Yard, sider -the question As to the poliot y whIth should

' were transferred to NRL's Radio Division in be pursued with respet to the Naval Rcsearch
September 192 1 Laboratory. its proper functions and its proper

* position in the Naval Es.ablishment' The
board held hearinzs to obtain the %iev s of the

ADMINISTRATIVE STATUS OF NRL several bureaus and offices concerned and %isited
the Laboratory On ') Feb l1,2. the board

On 25 Mar. 1922, the Secretary of the Navy, reported to the Secretary that ,a) Naval rt
then the Honorable Edwin Denby, establshed search, of which the Naval Researth Liboratory
and placed [the Laboratory] under the Assistant is an essential agent, is a netessary Naval activity
Secretary of the Navy ... under the dire tion of anti should be continued. (bi The ativitic-s of

a Naval Officer not below the rank of (aptain, the Laboratory should be confined to research
who will be designated 'The Director'...and be and primary or laboratory experimentation
Attached to the Office of the Assistant Setrctarv Subsequent full scale experimentation, service
of the Navy ''2° From the establishment of the test. and production should devolve upon the

I.,boratory, And until March I'12, the i)irctfor material bureaus. ' The Ofhe of the Chief
Also was assigned the duties of "Tethnic.al of Naval Operations is best fitted to administer
Aide for Inventions" to the Serctary of the the Naval Research Laboratory because the
Navy2 Until 192, the Ofhev of the Director Chief of Naval Operations is fundamentally
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responsible for the basic techniil improvement C. A. Swanson, then the Secretary of the Navy,
of the Fleet and for its readiness for war."25  on 13 May 1935. 30 However, these regulations
The Chief of Naval Operations opposed the still required that "All correspondence both
recommended transfer of the Laboratory to to and from the Laboratory shall be sent through
his office on the grounds that personnel already the Bureau of Engineering."
on the rolls of the bureaus would have to be On 14 Sept. 1939, the Laboratory was "es-
duplicated. Thus, the Laboratory continued to tablished as an independent unit under the
remain under the Bureau of Engineering. During Secretary of the Navy by the Honorable Charles
the hearings of the Navy Department Sub- Edison, then Secretary of the Navy.3' The
committee of the House Appropr4ations Com- policy established 1 I Nov. 1939) by the Secre-
mittee on FY 1933 funding held bn I and 4 tary gave the Laboratory a large measure of
Mar. 1932, the subcommittee considered re- administrative freedom.32 Secretary Edison had
search operations in general, hearing the tesri- taken great interest in the Laboratory, and had
mony of the heads of several major industrial visited it a number of times. His action un
laboratories. No change in the administrative doubtedly reflected the personally acquired
position of the Laboratory was indicated by the understanding of the factors attending the
subcommittee. However, it ruled that the ap- administrative status of the Laboratory, as
propriation of funds for the Laboratory were well as the views of his father, Mr. Thomas
to be kept separate from those for the Bureau A. Edison. in this regard.
of Engineering's other activities to prevent On 8 Dec. il3, Secretary. Edison established

'research" from being interrupted by the urgency a Navy Department Council for Research to

of "production. "'2 6 With this special annual provide a "...higher degree of coordination
appropriation <5100,000 for FY 1924, to $213, of Research. :" in the Navy. The Secretary was
000 for FY 1933) the Laboratory, in addition to convinced 'that " .. it was absolutely necessary

providing for its "operation and maintenance," and the time had come to coordinate and cen-
had been able to make a modest start on new tralize the control of research for the Navy
areas of research and this function was continued, in order to make greater progress and to em

On 9) Apr I12. the Bureau of Engincering. phasize the value of research for the Navy. '3 3

then headed by RADM S NI. Robinson, in The council comprised members representing

stating its pohiy with respect to the Laboratory, the material bureaus, with the Director of NRI.

Ustablished very close control over NRIUs or presiding as senior member. The Director,

ganization and administrati(on. : On i Aug. 19,,. NRI, was also designated "technical aid to the

the bureau required the Laboratory to separate Scoretary ot thc Navy and was required to

the research work of its Radii) )ivision from its "Keep the Secretary informed of the progress

engineering %%ork through establishment ot ')t research problems.
3 4

separate "resarh" and "engineerlg' divisions.."  In January 19- I. the Director of the Labora
O)n 2') l)e . I ,, thc' bureau stated that "this to)ry, then RADNI H. S. Bowen, recommended

has proved unsatstiactory for a number oit t) the Secretary of the Navy that bureau status
reasons" and rcquired that the tw divisions he be given to the Laboratory, that its name be

brought together again as a single Radio Divi changed to the -Naval Research Center," and

sii(n ' This close control was found cumbersome, that it supervise all rescarch for thc Nav ."

and the internal administrativc control was The proposal was not implemented.

turned over to the Dire tor, except for questions ()n 2" June I') .), with the approval of Presi-
()n general pil iv. early in 19;i. This arrange dent F. 1) Ri()scelt. the Co1uncil of National
menRt to some extent was implied in "Regula l)et'nse (reatcd the National Defense Research

iins (wurnirg the ()perat ion (of the Naval (Iornmitre.e to mobilize A meri(.an s ientists Ir

R'svatrch laboratory." issued by the 1-lonorabl, the purp()sv sof preparing the United States for
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participation in World War 11, should it be When the Office of Naval Research was
drawn into the conflict, which had been under- established by action of the 79th Congress on
way since I Sept. 1939. The position of this I Aug. 19-46, the Laboratory was included as
committee was greatly strengthened when it part of this organ ization.39 VADNI Bowen was
was included in the Of~o,&if Scientific Research appointed the first head] of this office, with
andi Development, established in the executive the title "Chief' of Naval Research." This aictionl
otficc of the President with the issuance of an c:avc research a stronI4 position in the Naval
excutive: order by President Roosevelt on establishment, since the Office of Naval Re-
28 June 1,._1 I X" There was concern in thie search had acquired statutory authority and its
Navy respecting the relationship betweecn this own con.,2ressional appropriation. The Laborator%
tomimittee and the Laboratory in the matter of- was then agai n In a position to serve all bureaus.
mobilizing scientists to deal with antisubmarine but free of the direct control of any one. Since
warfare, thie Laboratory held the position that the National Defense Research (Committee
it should have jurisdittion. Upon (the recommen- was a temporary wartime aigency, as It was phased
dation ot the Director of the Laboratory. the out of existence the Laboratory proceeded to
Secretary of the Naivy, then the Honorable absorb such parts of its scientihc components
1Frank Knox, requested the Navy's General as were determined suitable to fit into the
Board to rceew the Navy's research and] devel- Laboratory's research program.
opmesit policy In general and the coordination
of research within the Navy LDepartmntAn, 35C. As SCOPE OF THE
a result of the boards report, on 12 .Iuly 19-11,. LABORATORY'S ACTIVITIES
the Seckretar% placed the Laboratory under the An idication of- the sLcentific. areas% In %s Nc (Ii
cognizance of t he llureci, of' Ships.* At the theC Laboratory was eventually to be engaged
same time, the Secretary established a Naval wsgvnI h omru:srcueo h
Research and Devcloipment Board-to recOnI Naval Consult inrg Board. - nfn i ttee's we're:
mend to the Secorerary of the Navy action in elstabl Ished to consider "wireless and .oin
respect to Research and Develop~ment mnatters~ muiain rdi) hmsr, hscee

The board comprised members representing tricity, optics, and metrallurgy)" 'A spco mal
the several niateriel bureaus and] the Chief
of Naval Operat io ns, with a chir man who Problemis commnittee. Icave particular attention

was lso-(ordiato ofReserchandD~t,,--I- to the Use Of sound in the detect ion of enemy
wasals (ordi nto ofReearh ad eve - subinarincs.' ' Mr. Edison's slicial commiittee

Opment.. 7 .3-" It was this board that provi 'dd h rpse e aa xprmn n
liaison between the Navy and the National Researh Ii Lboratory also recommnrded conduct1
Defense Researth Committee during the war. of work in most oif these areas)" However, the

On 19) May 1 90, the -O)fhc of Rescirc h ALt of oingress establishing the Laboratory
and Inventions' was established in the' ()fice 9 osa db idIyta tws rIa a
of the Secretary of the Navy by the Honorable 1n re stec wrorkyh it ceran foirlarasr

lames F-orrestal, then Scretary, to improv which1 itd enuerated. ncrti 111~ic r

the patent situation in the Navy' in view of when ith Labocrat iyws ciatdi 12.

u ingressional tritii. Ism. By the Se retary's tw i the SLaboratifi as ofivte wor enviione

order the ILaboiraitory was included in this by hci N av a ICo ns ulting lBo ard , -rad io aind
office-:'" R ADNI H. S. Blowen, N RLUs former Stiund,- were proivided for under thc plan
dIi recto~ r, was appointed head] of this office. of the Radio D~ivisuion of the: Bureau Of 111gr9

neering b%- the transfer oif- cxiting fao l1irs
to become NRL's Radio andi Sound Divisions.

'The' iurvat, 4 Engineerinp and th HnIurct- 411 t in%1Uc n arh innI1~tt and 11"Repair wi-rc mermcd rno Iirm rht hurtar 0i Ship%,i- I My 1-140 )l I Auig 1921,. a 1i1.111 l'rlrLZ rrd h
wrrh RAI)NI M R,fbnilater VAI)M Ro~binsiiii A is( hiti pressure- research utn it maintinuned by the

16)
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Bureau of Ordnance at the Bureau of Standards search" and "engineering" components during
was transferred to the Laboratory.4" Since the period August 1932 to Decembet 1933,
other offices of the bureaus were not interested and the existence of an "'Aircraft" Division
in sponsoring divisions, particularly with from January 1934 to March 1935,t both
.scientific" designations, their establishment required by bureau action, had no substantial
had to be accomplished through increases in adverse effect in this regard. The Laboratory
NRL's separate congressional appropriation, organizational structure at the division level
which otherwise was hardly adequate for its remained otherwise unchanged until near the
routine "operations and maintenance". Al- end of World War 11.
though forewarned of the probable adverse While the Laboratory's growth was slow
effects competition might bring to their own during the period prior to World War I1, it
divisions, it was through the foresight of the expanded rapidly with the approach of and
Superintendents of the Radio and Sound Di- during the War. In March 1934, when some
visions, Dr. A. Hoyt Taylor and Dr. H. C growth began after the great economic depres-
Hayes, and their persistence in overcoming the sion, the population of the Research Depart-
objections of the Director of the Laboratory, ment was 83, of which 40 were in the Radio
that new research divisions were instituted.4

1 Division. Near the end of the war in 1945
Sufficient funds were available to begin a "Heat the Research Department population had reached
and Light" Division ithe title was changed to 3209, of which 1020 were members of the
"Physical Optics" in I91t, later to 'Optics", Radio Division.47

and still later to "Optical Physics'* on i June
1924, with Dr. E. 0. Hulburt as its Superin- POSTWAR ORGANIZATIONAL

tendent.12 A "Physical Chemistry" Division STRUCTURE
(title changed to "Chemistry" in 193-10 was In May 1945 the Bureau of Aeronautics
srarted on 15 AuL' I 92- , with Dr. F. R. Bichow requested the Laboratory to establish an Aircraft
sky as Superintendent 4 3 On I Sept. 192-, a Electronics Division .4  Consideration of this

Physical Metallurgy" Division (title later request led to a decision by the Laboratory to
changed to "Metallurgy") was set up, with subdivide the original Radio Division into four
Dr. R. T. Nlehl is Superintendent'." In June divisions, i.e., an Aircraft Radio Division, a
I9 i a"Thermodynamics" Division was started, Ship-Shore Radio Division, a Fire Control
under Dr. R. I. C(antield." This division was Division, and an Electronics Special Research
merged with the Nictallurgy" Division in Division. The first three divisions, corresponding
July I') .i. A ,\chaitis and ilectricity' respective to the Bureaus of Aeronautics,
Division was begun in I' l, under Dr. D. 1.. Ships, and Ordnance, were to be supported
Hay, with tile "ballistits" researthi unit pre principally by these bureaus. The Electronics
viously meitionCd inctluded in it.' In 19M-it Special Research Division was to be supported
this division also acquired the therilodynaniks principally by the Laboratory. The Laboratory's
activities of the Metallurgy l)ivisi , decision to establish these divisions was made

With the establishment of these divisions, effective 1 July 1945. Dr. A. Hoyt Taylor then
the several scientific areas of work set forth by became Coordinator for these divisions and later
the Naval Consulting Board were brought to Consultant for Electronics to the Director of
fruition. In the years that followed, their re- the Laboratory, a position he held until his
search character was preserved by virtue of the retirement in 1948.
recognition of the value of their contributions During 1946, the Bureau of Aeronautics
to the Navy, even during periods when the decided to establish a radio organization under
Laboratory was under bureau direction. The its own direct control and located at some
separation of the Radio Division into "re- site apart from NRL, preferring this to the NRL
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divisional structure. The new organization was to the position of Director of Research as its
planned to be formed through the transfer of first incumbent.52 Three Consultants to the Di-
personnel and facilities of the NRL Aircraft rector of Research were appointed to assist him
Radio Division. Delay in the determination of a in the direction of the several scientific divi-
new location and other uncertainties was accom- sions. These Consultants were Division Superin-
panied by the loss of a considerable number tendents, who retained the responsibilities rela-
of key personnel. Furthermore, a large percent- tive to their respective divisions. Effective 24
age of the remaining personnel did not wish to Dec. 1952, these Consultants were designated
leave NRL. The situation was further compli- Associates to the Director of Research, to per-
cated because it was not found feasible to loca- form functions, each "... for a group of divisions
lize completely the work of a particular Bureau as designated by the Director of Research."53
in one division. The Laboratory finally decided to The Consultants were relieved of their respon-
abandon the Bureau alignment of divisions. sibilities as division superintendents.
It reduced the number of Radio Divisions from On 17 June 1953, the Director of the Labora-
four to three and renamed them on 26 Nov. tory established a committee to review the scien-
1946.49 The Electronics Special Research Divi- tific program and organization of the Laboratory
sion became Radio Division I, the Ship-Shore and to make recommendations on advisable
Radio Division became Radio Division II, and changes.54 The committee made its report to the
the Fire, Missile, and Pilotless Aircraft Division Director on 18 Jan. 1954." The Director, after
(name changed from Fire Control Division on accepting the recommendations of this com-
15 Dec. 1945) became Radio Division 111. Radio mittee, established effective I Mar. 1954 a
Division III absorbed the personnel remaining Research Department under the Director of
from the Aircraft Radio Division, which was Research with three principal scientific areas-
disestablished. Electronics, Materials, and Nucleonics.56 Also,

Originally the superintendents of the Labora- the Associates to the Director of Research be-
torys svera scentiic ivisonsrepoted camie the Associate Directors of Research for

directly to the Director of the Laboratory. Etiveicy. Theyeraassignd "le rsonsibility"-

When the 80th Congress, under Public Law 313, fteir rhespcieydn were alsond"ln respon-y

authorized the establishment of positions of fothirepcveildanwrelsrso-

specially qualified scientific and professional sible for "jointly assisting the Director of

personnel," the Secretary of the Navy allocated Research in formulation, direction and manage-

one of these positions to the Laboratory. As ment of the Research Department and its

directed by the Chief of Naval Research relative program." The Nucleonics Area was renamed the

to this allocation, the Director of the Laboratory General Sciences Area effective 27 Feb. 1966.3'

on 20 May 1948 established the position of The Electronic Area, as established on I Mar.

Director of Research, interposed "... between 1954, included the three Radio Divisions and

the Director of the Laboratory and the ten scien- the Sound Division. Radio Division I was re-

tific divisions, ... the position to be filled by a nmdteEetoisDvso.RdoDvso
civiianscintit .. ".0 A th sae tmethe 11 became the Radio Division, and Radio Divi-

coiiin sciett .of A t rat n same tiete sion Ill became the Radar Division, absorbing

positio of.btwe h Director of mnsrtion asoitry the radar activities of Radio Division I. Also,
posd "..betee th Drecor f he abratry a new Division, the Applications Research

and the eight administrative offices ... to be filled Division, was established through the transfer
by a Naval Officer." The first appointment to of the remnants of a Systems Coordination
this position was made effective 24 Jan. 1949.51 Division previously established which had not

Effective 28 Jan. 1949, the Director of the achieved its intended purpose. In addition, the
Laboratory appointed Dr. Edward 0. Hulburt Applications Research Division acquired the
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"systems" activities of Radio Division 11 and the As a result, the consolidation of the Navy's
operational research and engineering psychology radio research and development activities
work of Radio Division I1l. at NRL in 1923 made the Laboratory the

On 16 Sep. 1966, the Electronic Counter- Navy's sole in-house organization with full
measures activities of the Radio Division were responsibility for advancing the Navy's
transferred to a new division, then established radio capability, with little outside assistance.
under the title "Electronics Warfare Division."" The radio staff assembled at NRL in 1923
On 16 Aug. 1968, the title of the Radio Division represented experience in most aspects of
was changed to Communications Sciences radio work active at that time. The Laboratory's
Div is ion."9 initial radio program was an integration and

The Sound Division was transferred from the extension (f the previous efforts of this staff,
Electronics Area to form part of a new Oceano- as agreed to with the Bureau of Engineering.
logy Area, a fourth major research area of NRL, Although limited to a certain degree by the
when this area was established on I Sept. 1967.60 problems assigned by the Bureau, considerable

On 19 Feb. 197 1, several organizational latitude was enjoyed in their generation and
changes were made.61 In the Electronics Area, execution. The areas of NRL's effort included
the Applications Research Division was disestab- Radio Propagation, Radio Communication,
lished and a Tactical Electronic Warfare Divi- Radio Direction Finding (Navigation), Radio
sion was established, replacing the Electronic Control, Radio Standards and Instrumenta-
Warfare Division. The Materials Area was tion, particularly Precise Frequency De-

renamed the Materials and General Sciences termination, Generation, Measurement, and

Area. The General Sciences Area was renamed Control. Problems pertaining to surface
the Space Science and Technology Area. ships, submarines, and aircraft were carried

Out.

NRL's RADIO-ELECTRONICS PROGRAM The passage of cime witnessed work on
a succession of new phases of these subjects.

At the end of World War 1, the Navy spon. The exploitation of the radio-frequency
sored developments leading to vacuum-tube ".pulse" principle brought about radar and
transmitters which would accommodate the, the radio identification of targets (1FF),
transition from the Navy's spark and irc equip which became major parts of the radio
ments. After the war, commercial organizations program. The work on radio control led to
limited their work for the Navy principally to the development of guided missiles. Although
the production of these lower frequency equip- prior work had been done, the incidence of
ments. The rapid rise of the public's interest World War 11 resulted in an extensive and
in radio broadcasting, with prospects of exten- continuing effort in radio countermeasures,
sive public demand and large profits, provided including interception, source location,
J Strong incentive for commercial companies jamming and deception. As the amount of
t o become heavily involved in the broadcast radio-electronic equipment aboard ship grew
field. Their developmental efforts, therefore, to unmanageable proportions, efforts were
were concentrated on improvements in broad- directed to its consolidation through multi-
casting equipment, particularly broadcast re- plexing and systems integration. Throughout
ceivers. As a result, solutions of the Navy's the years, a great deal of effort was devoted
longer range radio problems were of little to new components and materials, since
interest to them. Undoubtedly, the drastically these have been found to be a key to important
diminished Navail appropriations clue to) exte-n advances in equipment and systems. New
sive naitionail disarmament efforts during this phases of these various subjects have con-
period had a strong influence on the situation. tinued to be parts of the Laboratory's program.
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Chapter 3

RADIO COMMUNICATION

INTRODUCTION COMMUNICATION IN THE

Since its establishment, NRL has conducted HIGH-FREQUENCY BAND

the Navy's principal in-house research program That part of the radio-frequency spectrum
in radio communication. This program, through known as the high-frequency band (2 to 30 MHz)
the ensuing years, has provided the Navy with is of major importance to the Navy today, since
the technical basis for continually improving its it continues to carry the great bulk of its radio-
radio-communication capability. In the high- communication traffic. The exploration of this
frequency (HF) band, NRL's pioneering work in frequency band was a major phase of the Labora-
radio propagation, quartz-crystal frequency tory's initial effort, an effort which has con-
control, antennas, power generation, reception tinued for many years in order to obtain the maxi-
techniques, security, and equipment develop- mum capabilities of the band.
ment led to the adoption and extensive utilization
of HF by the Navy. As the laboratory was able
to determine propagation characteristics and to Radio Propagation
devise means of power generation, radiation,
reception, and control at increasingly higher When the Laboratory began its radio program
radio frequencies, the Navy was able, succes- in 1923, the Navy's longer range radio-corn-
sively, to utilize these frequencies, which became munication circuits and those of commercial
known as the very-high (VHF), ultra-high (UHF), interests were established on the medium and
and super-high (SHF) frequency bands. The lower frequency channels (below 600 kHz). The
Laboratory's original work in satellite commu- Navy had made very little use of the higher
nication resulted in the Navy's establishment of frequencies, although it had planned to use the
the world's first satellite-communication system. 600 to 1250 kHz band for short-range intrafleet
NRL's continuing satellite-communication pro- communication. As previously described, mem-
gram has served to further advance the Navy's bers of NRL's staff had demonstrated the pos-
operational capability. At the other end of the sibilities of this frequency band for long-distance
frequency spectrum, the very-low-frequency transmission. However, Navy officials responsible
band (VLF), the Laboratory has conducted a for operations considered the diurnal and
research program which has continued to en- seasonal performance of these higher frequencies
hance the Navy's capability for communication to be so erratic and unreliable as to make them
with its submarines wherever they might be on operationally unacceptable for use over long
the high seas, and particularly when they are distances. Indeed, in issuing instructions for

submerged. There is hardly an installation of the operation of new intrafleet communication
Naval radio communication equipment afloat, equipment under procurement and intended for
aloft, or ashore that does not incorporate some short-distance use, stress was placed on the need4
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the higher frequencies to avoid possible inter- then devised propagation theory involving
ception by a potential enemy over long distances equations based on the free-electron density
through "freak transmission conditions"' distribution in the ionosphere and on classical

During the early 1920's the public interest in formulas of magneto-optics containing a
radio broadcasting had grown to such an extent critical frequency term which adequately
that many of the channels in the intrafleet fre- explained the high-frequency "skip-distance
quency band became occupied by broadcasting effect" and which agreed with the experi-
stations.2 Considerable political pressure was mental data (1 925).74-8,9,10,o lta.I12,3,14a.I5.I6 This
brought to bear upon the Navy to relinquish its work laid the foundation for HF wave prop-
use of this band. To this. the Navy after vigorous agation theory.
objection reluctantly agreed. 3.4 The frequency During 1925, a new method of studying the
band from 550 to 1500 kHz, then became known characteristics of the ionosphere was employed,
as the "radio-broadcast band." As a result, the using HF pulses reflected from its conducting
frequencies above this band would have to be layers. The heights of the layers were obtained
used if substantial naval communication channel through determination of the time elapsed in
expansion were to be effected. transit over the path. Means for generating short,

Prior experience had convinced the Labora- high-power, HF pulses were devised. Oscillo-
tory's staff that when the propagation character- graphic recordings of the received HF pulses
istics of the higher frequencies were better reflected from the ionosphere gave unique
known, their utility in serving the Navy for positive proof, for the first time, of the ex-
long-range communication would be manifest. istence of its layers and data on its reflection
In order to obtain the evidence necessary to characteristics (first observations, 28 July 1925
convince the Navy of their value, transmitting on 4200 kHz).?. 20 This HF pulse technique,
and receiving equipments at progressively higher first used in measuring the heights of iono-
frequencies were developed. In seeking observers spheric layers, was later applied by NRL in
to obtain propagation data on transmissions, the its development of radar for range determina-
cooperation of radio amateurs throughout the tion. The radio-transmission characteristics of
United States and abroad was sought and ob- the ionosphere were investigated relative to
tained. These amateurs had increased rapidly in diurnal variations, the influence of magnetic
number and, although restricted by the Federal disturbances, and correlation with solar flares.
law of 1912 to the use of frequencies above 1500 This work was done collaboratively with the
kHz. had developed considerable competence Carnegie Institute of Washington.
around this frequency limit. To increase their The pulse method has been in continual use
effectiveness these amateurs were aided by the and is currently employed by the many iono-
Laboratory in improving their equipment for spheric sounding stations throughout the world
operation at increasingly higher frequencies. in observing the properties of the ionosphere
Through their splendid cooperation, extensive over the HF band and in obtaining data on which
propagation data were acquired at frequencies to base predictions of its future condition as
up to the limit of influence of the ionosphere.5'6 influencing circuit performance. These predic-

Study of the data revealed that signals which tions have been of considerable value in the
disappeared after the "ground wave" was dissi- selections of the radio-frequency channels best
pated would reappear at a considerable distance suited for particular communication circuits.
which would vary with frequency, time of day, Other HF phenomena were uncovered in
and season. This phenomenon, named the "skip- NRL's propagation work (1925-1928). The
distance effect," was not accounted for by the existence of additional "transmission zones"
earlier ionospher ic -wave propagation theories and corresponding *'skip zones" at progres-
suitable for the lower radio frequencies. NR-L sively greater distances from the transmitting
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60W3 (346) -- . -k 1

"ROUND-THE-WORLD" RADIO TRANSMISSIONS

NRL was first to make recordings of+ these phenomena of which this is typical (1928). St. S2. and S3. are pulses initiated by

NRL's transmitter. R,, R2. and Ri, are echoes or "splashback" returns from the first reflection zone via the ionosphere.
AS, and AS2 are received pulses which have travelled around the world. A:S, is a received pulse which has circled the world
twice. The upper retording is a 10O-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 photographic film with a lightbeam-galvanometer
ionosphere and reflections at the earth's sur- type sensor.
face was verified. NRL demonstrated that The results of NRL's propagation work
round-the-world HF transmissions could be permitted useful prediction of the perfor-
obtained through successive reflections from mance of the ionosphere at HF under various
the ionosphere with the proper choice of operational conditions; this capability was
frequency, time of day, and season (1926), important to the Navy's acceptance of these
Encirclement of the globe not only once but frequencies. To aid the Navy's operating forces
as many as three times in the same transmis- in using HF circuits, charts were prepared based
sion and in both directions was observed on the results obtained which were used in select-
(1926). At the same time, reflections of the ing the most favorable radio-frequency channels
pulsed HF transmissions from earth surface for specific transmission paths.7ab.1 it ib.i

prominences, called "splashbacks," were first
observed. Splashback echoes from the first, The Navy's Adoption of High Frequencies
second, and third reflection zones were iden- In addition to its views as to the erratic nature
tified. The conditions associated with these of high frequencies, the Navy also questioned
phenomena and the interference they might the feasibility of making the frequent changes
cause in the use of HF circuits were deter- in channel assignment required to maintain
mined. The transit time of the splashback circuit continuity in contending with the diurnal
transmissions provided a means of deter- changes in propagation path and varying trans-
mining the distance of the prominences from mission distances. At the lower frequencies the
the point of transmission (1926). These Navy had assigned channels with the assumption
observations of HF splashbacks generated the that these designations would hold over long
first concept of detecting and ranging on periods. The Navy was concerned that the
targets over very long distances, using two- technical and disciplinary difficulties involved in
way reflections of HF pulses by the ionosphere. making the frequent channel changes required
This concept led to the later development by HF might cause unreliability and delay which
of "over-the-horizon" (OTH) radar9.2i13 To could be disastrous in the midst of important
provide recording of the transmissions and otperations.
timing, a high-speed oscillograph was devised To instill confidence in the feasibility of using
comprising a rapidly rotating drum carrying a high frequencies for operational functions, a

I
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series of demonstrations was carried out. High- throughout the nation with HF equipment
frequency transmitters and receivers were provided by the Laboratory. 24 Interest in this
developed by NRL and installed on several demonstration was widespread. Naval Radio
classes of ships and at shore stations. Quartz- Communication Control, Navy Department,
crystal frequency control had reached a stage Washington, used the IO-kW H-F transmitter
of development warranting incorporation in located at the Laboratory through remote radio
some of these equipments, to insure frequency control for a period of a year beginning Decem-
stability and channel adherence. These HF equip- her 1924. This station handled offcial Navy
ments were used on a variety of Navy ccommunica- communication trai~c with Panama, Canal Zone,
tion circuits during various types of operations. London, and San Diego, California, particularly
During October 1924, the Navy's great diri- at times when the low-frequency, 500-kW, arc
gible, the USS SHENANDOAH, made its transmitter at the Navy's radio station, Annapolis,
historic transcontinental trip from Lakehurst, Maryland could not be received dlue to heavy
New Jersey, to the west coast and return, and atmospheric7s.2 5 The results of these and maniy
established contacts with many stations other demonstrat ions impressed the Navy with

H ISTORIC ItSS SHE~NANDOAH HE COM MINIC ATION (1924)

Ar ip'it I IIA r .19 tt i in hfi N AVY S .iit pi Iotn ot h igh t reu nIV it S %%'.IS the. ;i rt mnt e ofi r he N R L-,v d loItiped I I F
tritnitarcr And ret river tarried h)< the NA"v's great dirigible during Its stnsationAl trip, from l.,ikhurst. New
Iteiev t tthe wssct 0.iii And rct ur t is(n Oti her 1924 Thris equi pment at tomp i shr-d the then unusual teat it

rensiin.4t, in ornmunit,mo witth d N RI throuidtouti the eiuirv trip (0ttts were Al~so made with manyv radio

itaiw ns t hroughiout t he i ntrv The train ltte r %%As tapAbe of i tli th sotle n, keved operation tin i12 1,14.

.i p ,cr mt put it So) watts Thu rt etver inm i t)rh ree N tules in,) tvered a frequencys range iof 2(fo)

t,, 6WO I kilt The rttis Cr shoi wn hurt- wisiila' I,, tii rte ivi- used). but %with extendfe, frequency rAnge
It wasik di n t he I SS Shtenindoi ii i ri n, the d ister. khtkh ii, u nrc,) I sevre stormotver ohition ;Sept

I i t Thi i, e ivr %Ais Ali IAgud Int goo oti nit ion T he rtilsis shownt ire I vpe "N," the first suct esstul "MIin
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the superior capabilities of high frequencies During the summer and fall of 1925, the U.S.
as compared with the performance of the lower Fleet engaged in maneuvers in the vicinity of
frequencies. The important advantages attain- Hawaii and then cruised to Australia and New
able in long-range communication with rela- Zealand. Considerable success was experienced
tively low power, with compact, light equipment, during this trip in maintaining communication
and at relatively low cost provided a powerful directly with Washington using high-frequency
incentive for the Navy's acceptance of the high equipment installed on the flagship, USS SEAT-
frequencies. However, it was the pressing need TLE, working with that located at NRL.2 7

0 At
for more frequency channels and the experience Melbourne, for a period of ten days, traffic was
of high command with high frequencies that handled on high frequencies which was found
brought about official acceptance. impossible at the low frequencies due to the

On 1 July 1922, the Navy consolidated its presence of heavy atmospherics not affecting
then existing Atlantic and Pacific Fleets into a HF. Convinced of their utility, the Corn-
single U.S. Fleet composed of four elements: mander-in-Chief, U.S. Fleet, then ADM R. E.
the Battle Fleet, the Scouting Fleet, the Control Coontz, in his report to the Chief of Naval
Force, and the Fleet Base Force. The newly Operations dated 16 Sept. 1925, in view of the
organized Fleet engaged in exercises during results obtained with high frequencies by the
the winter of 1922-1921 which, as reported by USS SEATTLE on the Australian cruise
the Commander-in-Chief on March 1923, dis- recommended that all flagships of the Fleets
Llos'-d that communications within the Fleet and Forces, all cruisers and all high and
and between the Fleet and the Navy Department medium power radio stations be provided with
were neither satisfactory nor reliable.2 6 HF equipment.27b On 5 Nov. 1925, the Bureau

During World War I, the primary need for of Engineering, based on NRL's extensive
tommunication had been that between the efforts, made a final decision to include HF
United States and Europe, accomplished as equipment in the Navy's Radio Modernization
stated previously. The communication needs Plan, then being revised, greatly extending
for operations at sea were limited to convoy planned HF installations beyond the original
protection, antisubmarine actions, and the broad- recommendations. 28

casting of intelligence, meteorological, and
hydrographic information. The new Fleet Radio-Frequer y Channel Allocation
organization made necessary radio circuits
between the Navy Department, the Commander- The advent of high frequencies introduced
in-Chief, Fleet and Force Commanders, Sub- a new aspect in the problem of radio-frequency
commanders, and all ships, thus greatly increasing channel allocation requiring reconsideration of
the total number of channels required. Simul- previous allocations based on the properties of
taneous operation of several transmitting and the lower frequencies. It was evident that high
receiving circuits aboard a ship had to be pro- frequencies could cause interference over great
vided for many ships. Experience in the Fleet distances and that the low cost of installation
exercises had shown that arc and spark trans would make their use attractive to many interests.
mitters created such interference that simul. Frequency allocation would, henceforth, have to
taneous reception aboard the same ship was be accomplished from a worldwide viewpoint.
practically impossible when they were used, Accordingly, the Bureau of Engineering,
and they had to be abandoned. It was the Navy's based on NRL's work and with its assistance,
good fortune that high-frequency techniques prepared a new frequency-allocation plan
had then reached a state of development which which included the high-frequency band.
could provide the greatly increased capability This plan was adopted by the nations of the
needed. world and, for the first time, established order
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,60834 (349)

NRL EXPERIMENTAL HIGH-FREQUENCY

CRYSTAL-CONTROLLED TRANSMITTER

This transmitter was first to communicate with Australia on 15,000

kHz. It handled traffic directly with the U.S. Fleet flagship, USS
SEATTLE, during the cruise of the Fleet to Australia in 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 196.1945.

in the utilization of the radio-frequency Fourth International Radio Conference, convened

spectrum (1929). NRL's propagation work had in Washington on 4 Oct. 1927, and attended by
shown that such a plan had to take into account representatives of 80 countries (the largest

the diurnal and seasonal effects with respect to international conference in history up to that

distance and frequency. Its work on quartz- time). At that time the frequency stability main-

crystal frequency control, to be reviewed sub- tained by a large percentage of the world's

sequently, had shown the need to have frequency radio stations did not exceed 0.1 percent. NRL

assignments for stations harmonically related for had demonstrated the feasibility of maintaining

effective transmitter design. The Navy's plan a frequency stability of 0.01 percent over a

received the approval of the Interdepartmental period of several months, which if adhered to

Radio Advisory Committee on 25 Feb. 1926.29 would make many more frequency channels

The plan was submitted for consideration to the available.30 This demonstration permitted the

48
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Navy to insist that the nations attending the changes in antenna properties and power-supply
conference accept higher stability. The con- voltages were major causes. Nationwide atten-
ference agreed, stating in its regulations that tion was drawn to the difficulty in the transcon-

... Waves emitted by a station must be main- tinental trip of the dirigible USS SHENAN-
tained upon their authorized frequency, as DOAH, previously referred to. during which
exactly as the state of the art permits...' 31  wild excursions of the beat note resulted from

The Navy's plan became the basis for the agree- the swinging of the trailing-wire antenna when
ment of the conference on the allocation of underway.
radio-frequency channels and the control of
emitted frequency.3 1 The convention resulting Intrafleet HF Equipment
from the conference became effective I Jan.
192) for the ratifying governments. This agree- To provide improved frequency stability,
ment was of far-reaching importance, since it NRL, in its development of the first intrafleet
established order in the international use of equipment for the newly adopted frequency
the radio-frequency spectrum and made available band, 2000 to 300W kHz, provided components
a greatly increased number of frequency channels of maximum rigidity and constancy and which
having worldwide clearance, used relatively low coupling between master

and amplifier circuits (1923). To minimize thc
High-Frequency Equipment influence of antenna variations the transmission

line, matched it both ends, to feed the trans-
General interest in high frequencies grew mutter output to the antenna was introduced.

rapidly. ind many demands were placed on NRL This Lombination provided frequency stability
by both the Navy and outside interests for Lonsidered acceptable in the assigned frequency
equipment for installation on ships, aircraft, hand at that time. 3 4 E xperimental models ( 100
and shore stations. Upon the approval of the watts output) were given service tests on the
Navy's Modernization Plan, the Laboratory was USS CALIFORNIA and LISS TENNESSEE and
charged by the Bureau of Engineering with the were reported to "exceed expectations" 1 )2.) V
development of the radio equipment necessary Patterned after NRl's design, I 1) of these
to meet its objectives. Demands for Fleet equipments were obtained from commerti.il
equipment became so pressing that interim m.inufacturers and installed on battleships.
measures were resorted to, such as the quick cruisers, and destroyers. These equipments
assembly of "breadboard- equipment and tht: became known as Models TV. TW. and TX
provision of instructions to enable Fleet per- (varying in power supply voltages), and were
sonnel to modify the Navy's first succ ssful the first to provide effective intraflet con-
voice-communication equipment, the CW 936, munication. Liter, they were modernized through
which operated at the lower frequencies.32  the incorpor on of quartz-crystal frequency

Early high-frequency transmitters employed control and gave service over an extt-nded
the master oscillator-power amplifier principle, period.-' s-7

which, while providing satisfactory frequency
stability at the lower frequencies, was soon Piezoelectric (Quartz) Crystal
found to need improvement for operation at Frequency Control
high frequency. Difficulty was experienced in
maintaining a beat note of sufficient constancy Exp-rienc.e with existing methods of frequency
with the main mode of operation, continuous- (ontrol made evident that if the Navy were
wave and heterodyne reception. The lack of successfully to use the higher frequencies, new
rigidity of components, changes in their th.ir- micans of control would have to be devised.
acteristics due to temperature variations, and Attordingly, NRI. initiated its investigations
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FIRST INTRAFLEFT FQIIMENT FOR THEf NEWLY
AI)OVUII4 FRFQI'FN(:N' BAND) OF 2000 T1- 30W K1ll.. TIJIE

NIoLEL TV tI1920
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oscillator circuit (1924).43 a It was used ex- tremendous demand for quartz crystals. To
tensively for control of transmitter output. relieve this situation, NRL devised a tube
Since the mounting elements in contact with counter-x-ray-spectrometer technique which
the crystal had some influence on its fre- provided an accurate, rapid, and reliable method
quency, crystal holders were developed which of determining the optical axis of quartz adapt-
minimized the "load" on the crystal while able to the production line. This development
physically restraining it to avoid changes due gre.tly .Lcceler.ted fabrication, permitting the
to vibration. These became the Navy standard production goal to be attained And at substantally

crystal holders for ships and aircraft and were reduced cost t 19.120'

used for many years."' To obtain the highest
possible degree of frequency stability with Crystal-Controlled Transmitters

crystals. which were found to change slightly
with temperature, precise temperature control The first crystal-controlled, high-frequency
was provided for the groups of crystals neces- transmitter, developed by NRL early in 192.1,
sary to give the several frequency channels was of relatively low power about five watts).
required in the equipment. 4

-1
'4

1 In increasing the power output, ditficulty was

Studies of crystal structure relative to tre- encountered with self-oscillations generated
quctcy stability and power output resulted in in amplifiers, not experienced At the lower
the determination of the best mechanical mode frequencies. These oscillations resulted from
and the most effective "cuts" with respect to the increased effect At high frequencies of the

crystal Lxes..-
4 7  ft All likely crystalline materials, coupling between output and input circuits due

Alpha quartz, having A doubly refracting, asyni- to the grid-anode capacity of the amplifier tubes
metric atomic structure, was found to have triodes) then available. A further difficulty
superior oscillator properties. NRL discovered resulting from this coupling was the loss of much
that if the quartz crystal were cut at the proper of the power generated by the crystal oscillator.
angle relative to its axes, a "zero frequency. which, instead of performing its function of
temperature coefficient" could be obtained driving the input circuit of the first Amplifier,
(1924). 4

8 However, at that tine, to tanke advantage was passed through the .unplifiers and radiated
of its high power output for transmitter control, by the Antenna. In overcoming these difficulties
the "X-cut," in which the surface of the crystal the "balanced-armplifier" circuit ws introduced.
is normal to the X axis, was used. Its use in Navy in which the voltage in the input circuit of the
equiplent extended through A considerable amplifier due to the grid-anode capacitive

period, coupling was balanced by a voltage of opposite
Since many crystals were required by the Navy, polarity induced in the input circuit by inductive

and since quantity production methods were coupling fed from the output circuit 1)2- ) In
unknown, NRL developed practical crystal- addition, electromagnetic shielding of the
grinding and rapid frequency-ad lusting tech- tritical parts of circuits was provided. 4 

U

niques which expedited manufacture at reason- These measures prevented uniplitier self-oscilla-
Able cost. The Laboratory became the sole tron and conser'ed crystal oscillator power, and
supplier of finished quartz crystals until June also ilninmzed undesirable radiation which
1),2, when this responsibility was transferred to resulted from keeping the oscillator running to
the Optical Shop of the Washington Navy Yard insure stability during the "key-up" position of
The Y'ard later was relieved of this task when the normal "keyed" continuous-wave ((W) mode

tommerctial production becime .Available. Some of.operation.
Navy activities still prepare special crystals. t1igh-frequency crystal-controlled transmitters

During World War II existing maeans of pro- incorporating the balanced-amplifier circuit were
du ltion were found incapanble of meeting the developed tor various power output levels.
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NRL's efforts resulted in the first high-power, fostering Navy confidence in the operational
high-frequency, crystal-controlled transmit- utility of high frequencies. The Nav), Depart-
ter; a power output level of over 10 kW at incet continiued to use this anid othe-r higher
4I(K) kHz was attained on 3 Nov. 1924.'W-I-2 trequencli equipment providied bli NRI. ini
This equipment was used extensively at 4200. handlinig its commnunication traffic uncil the newiA
kHz by the Navy Department for handling tacilities it the NavN's Radio Station. Arli1nt:- n1,
regular transoceanic and transcontinental Viriziinia, becameti available oni ) Mayi 102-,
communication traffic for a period of a year, Another itficulty, in developig trltst.tl-
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To solve this problem, "doubling" an (d "tripling" possible with high frequencies to obtain complete
amplifier circuits with means to suppress unde- and continuous coverage of large ocean areas,
sired harmonics were devised (1924 ).43e ,S3 5  such as the Atlantic, through simultaneous

transmissions on several properly chosen fre-
quencies, so that the Navy could broadcast

Shore Station High-Frequency, messages to be received at the same time by its

High-Power Transmitters ships wherever they might be in the area. Cover-
age of the North Atlantic ocean area with

The remarkable results being obtained with high frequencies from shore was provided
high frequencies (1924) brought up the question for the first time through NRL's development
of abandoning the Navy's many large and expern- of a crystal-controlled transmission system,
sive arc transmitter installations. To obtain termed the Cornet Transmitter, which was
additional experience on which to base a deci- installed at the Navy's Radio Station, Arling-
sion, NRL was requested to provide a shore ton, Virginia (NAA) for control by Naval
installation of a suitable high-power, high-fre- Radio Central at the Navy Department (1926-
quency transmitter. At this time it also appeared 1927).56-9 The transmitter comprised four units,

60834 351)

THE "CORNET" HIGH-FREQUENCY, HIGH-POWER TRANSMITTER
This transmitter, the Model XD, was installed at the Navy's radio sratimn. Arlington. Virgina f NAA It was controlled b. Radio

Central at the Navy D'partment and provided continuous ,t'rage of the North Atlantic Ocean area through simultaneous broad-
,asts on four radio-frequency hands (units, left to right, i|pcrat' at 400-.4525, 8000-9050, 12,000. 1 1,500, and 16.000- 18,100

kiIz). The transmitter, developed by NRL ( 196 1'2-), wcs the Navy's first high-power, high-fruquency equipment suitable for
I

regular ope.rational IsC It gave service over many years.
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covering respectively the bands 4000 to 4525,
8000 to 9050, 12,000 to 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-
quence unit to 5 kW for the highest, a power
leve' -ily 2 percent of that of the arc trans-
m', i iThis 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, orgently
needed, high-power, high-frequency transmitters
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. - e6 2

Ship High-Frequency Transmitters

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 kIlz
bands). They were installed on ships such as
the USS MEMPHIS, TEXAS, SEATTLE, CAM-
DEN, PITTSBURGH, PROCYON, ROCHES-
TER, TAMPA and WYOMING (1926-1928).6
The USS MEMPHIS received the first equip- 60834 (352)
ment, which was tested on its trip to Francedurig .uneand.Juy 196.s Th Comaning THE FLEET'S FIRST CRYSTAL-CONTROLLED
during june and july 1926.64 The Commanding HIGH-FREQUENCY TRANSMITTING
Officer of the flagship, USS MEMPHIS, in re- OPERATIONAL EQUIPMENT

porting on the performance of the equipment to
the Navy Department, stated that "...the new This equipment was designated tht' Model XA SOO waft.

Model XA transmittcr has given unusually good ioo. Soo(). I .i().0 kHz bandsi. a number wcre made b

results and is practically the only means of NRI. and installed on ships to gain cxperictiv whn 'operated

(ommunication that the MEMPHIS has. ... The by reguljar Navy personnel l I9251
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other transmitters on the MEMPHIS are of power could be avoided through the use of
practically no military value whatever ant it is available air-cooled tubes.
recommended that they be removed. 63

At their request, the Coast Guard was fur- Submarine High-Frequency Transmitters
nished several Model XAs, their first HF Radio communication from submarines had
equipments, which were used by them in the been unsatisfactory operationally until the late
International Ice Patrol of the Atlantic during 1920's. The severely limited space aboard sub-
the 1926 season. The Coast Guard reported that marines forced the use of lower power and
with them their ships were, for the first time, prevented the erection of antennas of sufticient

....ale to maintain direct communication with size to radiate efficiently at the lower fre-
Washington," a performance beyond the capa- quencies, so the performance of radio equipment
bility of their lower frequency equipment and on this class of ship was greatly inferior to that
of importance to safety at sea." Several equip- on larger ships. The low power and small
ments, modified for operation on alternating- antennas effective at high frequencies were

current power supply, designated Model XB, attractive for such installations. 'To demonstrate
were made for the Marine Corps (their first the superiority of HF over tne lower fre-
HF equipment) for communication with their quencies for submarine communication, NRL
foreign bases I 1920).67 At their request, the developed the Model XE crystal-controlled
Signal C(orps of the Army was furnished a Model transmitter, the first submarine high-fre-
XB, their first IHF crystal-controlled cor- quency equipment (1927-1928).1111 The Model
munication equipment I 19261 which they had XF Included for the first time an important
duplicated in quantities and installed in their improvement in Amplification made possible by
Army (ommunication Net, where a largenmount the newly available screen-grid, tour-element
of trathc was handled over a considerable tube .t This tube contained an additional grid

period ' "Ir- interposed between control grid and anode,
The experience acquired in the use of the which, held at the radio-frequenLy potential

Model XA equipment aboard the different of the atthode, shielded the input and output
classes o f ships convinced the Navy that high circuits from each other. This shield prevented
frequencies were capable of providing a reliable the coupling between these circuits which
seaborne communication capability far superior previously had caused trouble with self-oscilla-
in performance to that of the lower frequencies. tions. The General Electric Company provided

early models of this tube, enabling the Labora-
Ship High-Power, High Frequency tory to devise circuits which provided efficient
Transmitters amplification and greatly simplified HF trans-

In order to determine the power level ap- mitter construction and operation. The Model

propriate for shipboard high-frequency installa- XE (2000 to 18,100 kHz) comprised a crystal-
tions, a S-kW transmitter (Model XF-I), suitable controlled oscillator CW 1818 tube), an
for operation aboard ship, was developed anti intermediate amplifier (two SE ll , 1 9 -watt
installed on the USS TEXAS 1929)

9 It was tubes in parallel) and a power amplifier (one
found that this high power level caused radio- SE ; 124 , '50-watt tube). The transmitter was
frequency field intensities in the vicinity of the installed on the submarines V-I and V-2 at San
large guns so great that sparks could be drawn Francisco, and tests were carried out on a trip
from them The hazards involved in handling to Hawaii anti return with good results (,June
.n"Imunition led to a decision to limit power to I)28). At Hawaii communication was estab-
I OW Furthermore, at this power level, the lished, both day and night directly with Washing-
d itikulties encountered in the use aboard ship ton (NRI., a long-distance record for sub-
of the water coo led tubes needed tor the higher marines The forwarding endorsement of the

Add~kdbWQ5
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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.
19 28).73

Although great difficulty 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, 7 5-watt tube), and a power
amplifier (SE 3119, 7 5-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 S-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 determintd
out to ranges of 500 nautical miles. About three
feet was found to be adequate. Submerged-

60834 (353) submarine communication under these cir-
cumstances with NRL's equipment was
maintained out to 80 nautical miles. The

THE FIRST SUBMARINE HIGH-FREQUENCY Force Commander in his report pointed out
COMMUNICATION TRANSMITTER the value of this submarine capability in

This equipment, developed by NRL (Model XE, 2(00 to wartime for submarines operating over wide
18,100 kHz), and installed on the V-1 and V-2 submarines,
demonstrated the utility of high frequencies for submarine patrol areas.
communication during Fleet trials in the Pacific Ocean The Navy, having relied upon medium fre-

(1928). quencies for transmission from submarines, was
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concerned whether high frequencies could per- perience "demonstrated the use and value of
form all the necessary functions. Even though high frequency for communication with
the space aboard its submarines was severely scouting or screening submarines in fleet
limited, it decided to equip them with both areas" and that "it was feasible to maneuver
frequency bands combined into one equipment. the submarines in much the same way as if
However, when it sought quantity procurement they had been in visual contact" (1930).76
of such equipment from major commercial com- This and subsequent experience with high
panies, these organizations stated that they could frequencies in submarine communication con-
not make equipment covering the frequency vinced the Navy that it could dispense with
bands and provide other features specified to fit transmissions at medium frequencies. As a re-
in the space available (1928). To contend with suit, the space occupied by medium-frequency
the reluctance of commercial organizations equipment, particularly the large, cumbersome
to combine both LF and HF capabilities into "clearing-line" loop antenna, was made available
one compact equipment, NRL developed a for other important uses.
crystal-controlled transmitter (200 watt, 300
to 600, 2000 to 3000, 4000 to 18,100 kHz) "Electron-Coupled" Oscillator-Controlled
which became the Model TAR equipment Transmitters
(1929).75 The transmitter was arranged in sec-
tions so it could easily go down a submarine The number of crystals required to meet the
hatch. Its design provided flexibility for use Navy's needs for HF communication channels
with loop, flat-top, and periscope antennas with reached a point where access, storage, and supply
quick-frequency-shift and safety features desir- became a problem. NRL's earlier investigations
able for submarine operation. The satisfactory of master-oscillator circuits were therefore ex-
performance of this equipment was demonstrated tended to obtain means of frequency control,
aboard the Submarine S-21 assigned to the Lab- continuously covering the high-frequency band,
oratory (1930). which would provide this flexibility, not pos-

When the laboratory's model was shown to sessed by the quartz-crystal oscillator, without
representatives of commercial concerns, one of serious compromise in frequency stability." A
them agreed to produce the Model TAR equip- circuit had been designed which could be quickly
ments and supplied enough to equip 20 S type interchanged with the standard crystal holder
submarines (1930-1932). Subsequently, addi- (type SE-3716) (1930). While this circuit pro-
tional quantity procurement was obtained from vided flexibility in frequency and continuity of
other concerns which provided equipment of the operation in an emergency, it did not possess the
same basic design, designated the Model TBG desired precision in frequency. It was found that
(1933) and the Model TBL (1935). a circuit using a screen-grid tetrode, with the

The submarine S-28, equipped with the Model screen grid maintained at radio-frequency ground
TAR, while making passage with the vessels of potential to isolate the oscillator from the output
submarine divisions I I and 19 from San Diego circuit, could be made to give acceptable stabil-
to Lahaina, Hawaii was able to maintain solid, ity.78 In this circuit, the screen grid also acted as
two-way communication with either of the sub- an anode, which, together with the control grid
marines V-2 or V-3 located at San Diego. The and cathode connected to a resonant circuit,
Commander of the Submarine Divisions, formed the oscillator. The output circuit, always
Battle Force, reported that with NRL's Model tuned to double frequency to minimize reaction
TAR equipment, two-way communication on on the oscillator, derived its energy from the
HF could easily be maintained with other double-frequency component of the electron
vessels of the divisions enroute out to 200 stream drawn though the screen grid by the po.
miles and more. He also stated that the ex- tential of the conventional anode. This action led
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to the name "electron-coupled" oscillator. Stabil- crystal-controlled transmitters, the objective
ity of this oscillator was enhanced through the of 0.01 percent in frequency accuracy was at-
use of a resonant circuit of low inductance-to- tained on 50 percent of the production during
capacitance ratio with highly stable tapped the early 1930's and on practically 100 percent
capacitances and a tapped rigid inductance, fine by the end of World War 11, a large percentage
tuning being accomplished by the axial move- providing 0.005 percent accuracy at the latter
ment of a copper cylinder inside the inductance, time. However, most of the earlier production
The oscillator resonant-circuit components were of electron-coupled-oscillator-controlled trans-
well shielded and mounted in a compartment mitters (all shipboard) gave a frequency accuracy

maintained at 60°C. A compensating capacitor of only 0.025 percent. By the end of the war, an
was provided to minimize the effects of ambient- accuracy of 0.015 percent was obtained on most

temperature changes on external components. of these transmitters.
This oscillator (type 38160 tube) was incor- During this period, 15 different models of

porated in a transmitter comprising a frequency- shore station ( 15 W to 30 kW) and 15 models of
doubling amplifier (type 38160 tube), an inter- shipboard (15 W to I kW) HF transmitters were
mediate amplifier (type 38160 tube), and a power procured by the Navy.s 'a4 The shipboard trans-
amplifier (type 38161 tube) and providing a mitters were made in by far the greater number,
power output of 500 watts over a frequency range procurement of some of the models during the
of 2000 to 4525 kHz. The transmitter proved war reaching very large quantities. For instance,

satisfactory in extensive tests and was demon- the Model TBK went through 21 versions, the
strated to commercial organizations in seeking TBX, 19 versions, the TBL. 15 versions, and the
procurement. The commercial product was TCS, F7 versions.83 Each model and many of the
procured by the Navy in considerable numbers versions involved reconsideration of specifica-
and was designated the Model TBF ( 1933). 79 The tions and the incorporation of such improve-
frequency range of this type transmitter was ments as could be accomplished at the time.
subsequently extended to cover from 2000 to During the war period practically all changes in
18,100 kHz. design were of minor nature, procurement being

The "electron-coupled oscillator" type of largely a matter of duplication of existing de-
transmitter developed at NRL provided for signs by competent manufacturers to produce the
the first time frequency stability equivalent to large number of equipments needed.
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 The development of the high-frequency re-
a period of many years, extending through ceiver, as a major component in HF communica-

World War 11. tion systems, accompanied that of the transmitter.
A series of experimental HF receivers, mainly of

High-Frequency Transmitter Development, the "tuned-radio-frequency" type, were provided

1930 to 1945 by the Laboratory for service use during the
Navy's high-frequency trial period. Due to the

During this period NRL's efforts were directed interest generated, some of these receivers were
to quick and positive frequency channel changing, quickly produced in quantities by NRL and

higher frequency stability, increased effciency, placed in service by the Navy. The first of the

reduced harmonic radiation, greater reliability, series of experimental HF receivers developed
and compactness.00 The results obtained were by NRL (September 19 24) " to find consider-
incorporated into a series of models the Navy able Navy use was intended for installation in
procured from commercial organizations. With aircraft. Its performance was limited by the
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THE FIRST HI1GH-FREQUENCY RECEIVER
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plane's ignition interference. However, in the regenerative type employing an oscillating

ship and shore installations, where the inter- detector and two stages of audio amnplificationl

ference level was relatively much lower, it (three CW- I i-14N tubes. 2000) to 1-.200 kHz).

gave attractive results. The Laboratory, with Improved sensitivity and selectivity were

the help of a local contra-,or, produced 35 of obtained in a subseq~uent receiver which em-

these receivers, which were distributed to various ployed radio)-frequency amplification for the first

Classes of ships and to outlying radio shore time at high frequencies (192S). The HF am-

stations as requested by the Bureau of Engi- plifier. introduced ahead of' the oscillating de-

neering ( 92-1-I1926)." Receivers ot this type tector, was -balanced- to obtain gain without

were furnished the Marine Corps and U-S. Coast St It-oscl lation as was discussed previously under

(wuard I 1926). One was used in the dirigible crystal-controlled transmitters." The balance cir-

USS SHENANF)OAH on its historic west coast cult also served to prevent passage of energy from

trip during October 19L24. This receiver wxas of the oscillating detector through the amplifier
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to the antenna, thus avoiding interference with by the British during the war were equipped
other receivers on the same ship. An antenna with Model RG receivers.
1trap" (antenna coupling unit, type SE 4363)
and capacitive coupling between the HF amplifier
and detector provided selectivity to avoid inter- Superheterodyne High-Frequency Receivers
ference from the lower frequency transmitters Since it was devised (1918), the superhetero-
in close proximity on shipboard. The receiver dyne method has been an attractive means of
used four CW 1344 N type tubes and covered a obtaining radio-frequency amplification in re-
frequency range of 1000 to 20,000 kHz. Later, ceivers covering a wide frequency band.s' By
when the screen-grid tube (SE 1182) became heterodyning the incoming signal to a fixed fre-
available, its substitution for the triode in radio- quency, advantage can be taken of the superior
frequency amplifiers resulted in increased gain gain, selectivity, and simplicity possible when
and simpler operation. This HF receiver, de- circuits are optimized to amplify a single fre-
veloped by NRL in 1925 and designated the quency In NRL's early work with this method,
Model RG, was procured in numbers approxi- difficulties arising in the shipboard environment
mating 1000 and was used throughout the were encountered which were not experienced in
Naval service." The Model RG was the the commercial radio broadcast field to which it
Navy's first "operational" HF receiver and its had been applied. The many transmitters and
principal HF receiver for a decade. In 1940, receivers, necessarily in close proximity, pro-
the 50 U.S. destroyers sent to England for use duced severe reaction between fundamental and

75449

THE FIRST HIGH-FREQUENCY RECEIVER FOR REGULAR OPERATIONAL USE
This receiver (Model RG, 1000 to 20,000 kHz). 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 II.
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harmonic frequencies of the transmitter and the such an extent that it became acceptable
heterodyne oscillator, interfering with recep- for shipboard operation. Attention was given
tion. Receiver response at the "image" as well as to preselection, RF amplification before
the signal frequency made the receiver vulnerable detection, cross-modulation in detection,
to incoming interference at the image frequency. heterodyne oscillator stability and isolation
Radiation from the heterodyne oscillator in one from antenna circuitry, fixed-frequency
receiver caused interference with other receivers, amplifier stability, adequate shielding, and
The tuning of the receiver input circuit caused simplification of operation.92 The results
"drag" of the frequency of the heterodyne oscilla- obtained in the work were incorporated into
tor. The double heterodyning required for con- a series of approximately 40 different receiver
tinuous-wave reception brought additional models (some of which went through many
interference arising from the interaction of the versions) produced by various commercial
two oscillators. Early models of these super- concerns.m ,93 The first of this series, the
heterodyne type receivers made by NRL brought Model RAB, 1000 to 30,000 kHz (1935),
these difficulties forcefully to attention when the provided performance which in most respects
receivers were installed on the USS CALIFOR- was not exceeded through the war period.H
NIA 1924-1 9 26).8-90 However, its size and weight limited its

A substantial step in overcoming the difli- installation to the larger ships and shore
culties experienced with the superheterodyne stations. Of the more compact and lighter
receiver was made by combining the Model models which followed, the Model RAL
RG receiver with a Model RE receiver (10 to of the tuned-radio-frequency type and the
100 kHz), also developed by NRL, with the Models RAO, RBB, RBC, and RBS, of the
latter acting as a fixed-frequency amplifier at superheterodyne type, were procured in large
15 kHz (1927). The excellent shielding of numbers, particularly during the war period,
these receivers, the preselection of the Model and used throughout the Naval service.6
RG, and the provision of suitable coupling Navy Outfitted with High-Frequency
circuits led to improved reception perfor- Equipment
mance (1927). 9' A number of these receivers
were put into operational service. When the Navy became convinced of the opera-

tional value of high frequencies, it faced the

High-Frequency Receiver Development, problem of procuring transmitting and receiving

1930 to 1945 equipment in sufficient quantity and variety to
outfit its many ship and shore stations. Toward

In its subsequent efforts, the Laboratory im- the end of the 1920's, commercial concerns began
proved the selectivity and RF amplification of to show interest in providing the Navy with HF
the tuned-radio-frequency type of receiver. The equipment, an interest probably stimulated by the
freedom of this type from the interference prob- declining profits experienced as a prelude to the
lems of the superheterodyne, due to "image" Great Depression of the 1930's. To stimulate
response and reactions from oscillator funda- the latent interest of commercial organizations
mental and harmonics, made it attractive for sufficiently to produce the HF equipment the
Naval use. Nevertheless, the superior selectivity Navy needed to equip its Fleet, the Bureau of
and the large constant gain with stability over a Engineering arranged a meeting with representa-
wide frequency range possible with the fixed- tives of likely producers. At this meeting, NRL
frequency amplifier of the superheterodyne re- reviewed the technical problems involved in
suited in its predominance. It was due to NRL's HF equipment and the means it had devised to
continuing efforts that the performance of the meet these problems (1929). Standards of
superheterodyne receiver was improved to equipment performance based on NRL's work
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I.4

TYPICAL RADIO COMMUNICATION INSTALLATION - DESTROYER
USS DALLAS (1925)
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were set forth, e.g., ±0.01 percent in fre- to 20,000 ft. NRL provided the first vibration,
accuracy. These standards were agreed to shock, and inclination testing equipment
by the several commercial representatives- simulating shipboard operating conditions

These discussions were followed by a con- (1934)." The continuing effort with its series
tinuing NRL effort to provide contractors of improvements in test equipment and
with information on technical aspects and methods led to more accurate simulation of
environmental factors to be used in their the service environment. The results of the
designs. The Laboratory furnished the Bureau program were of vital importance to the
the technical information for its specifications, reliability not alone of high-frequency equip-
interpreted contractors' proposals, and main- ment, but also to that of a wide variety of
tained such surveillance over contractors' de- other electronic equipment, including radar
signs and equipment as was necessary to insure and sonar equipment. The effort paid off well
satisfactory service performance. in combat operations during World War il.

Prior to the beginning of the procurement of The extent of the impact of NRL's environ-
high-frequency equipment in the 1930 period, mental efforts is indicated by the many thousands
the effects of the environmental factors of of these high-frequency equipments, both trans-
temperature, humidity, vibration, shock, and mitters and receivers, principally for shipboard
ship roll and pitch on the performance of radio installation, which were obtained by the Navy
equipment had been given only superficial con- from various manufacturers, with procurement
sideration. The serious effects of these factors greatly accelerated during the World War 11

on frequency stability at the higher frequencies period. The magnitude of this wartime buildup
and the emphasis placed on considerations of is evident from the increase in number of the
structural ruggedness to obtain reliability led Navy's ships from 2082 (C Dec. 1941) to 3,7 .981

the Laboratory into an extended effort to place (1 Dec. 1944).n Practically every ship carried
these factors on a quantitative basis. Informa- at least one complete HF communication installa-
tion was obtained on the range and combinations tion, and the larger ships were equipped with as
of temperature and humidity, and variations in many as 26 transmitters and 40 receivers.
ships' attitude experienced by the Fleet in These high-frequency equipments gradually
worldwide operations. Observations were made took over the major portion of the Navy's radio-
of the vibration and shock, including that of communication load from the lower frequencies.
gunfire, to be encountered aboard ship. Require- During the war they provided a means of com-
ments to be met by manufacturers were estab- munication which contributed importantly to
lished, and testing equipments simulating the war's successful conclusion. Many of these
shipboard conditions were designed so that equipments continued in active service throughout
compliance with the requirements could be the Navy for many years.

determined.
In carrying out this environmental pro- Aircraft High-Frequency Equipment

gram, NRL provided the nation's first large
temperature-humidity-pressure chamber (20 X NRL developed the first aircraft high.
20 x 10 ft high) which permitted electronic frequency equipment, demonstrating its
equipment to be subjected to precisely con- operation in a flight from Washington to
trolled combinations of temperature and Lakehurst, New Jersey and return on 25 Sept.
humidity conditions experienced in service 1924. During the flight, two-way communica-
(1935)'7 The pressure-control feature of this tion was maintained between the aircraft
chamber provided a means of determining the (DH-4B) and NRL's station (NKF) on 3700
performance of airborne radio equipment (a kHz out to a range of 70 nautical miles.," The
subject to be dealt with later) at altitudes up aircraft transmitter was heard at points several
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THE FIRST NAVAL OPERATIONAL ENVIRONMENT SIMULATION
EQUIPMENT

This NRL-developed equipment tI19;4) was first to provide vibration, shock, and ins lina
(ion simulation oit the Naval shipboard operational environment for determining the
[wriormAnte oft clettront equipment It was used in its work to continually upgrade
the suitability And reliability oif electronic equipment. The Model TBN high-frequency
communiLAtion transmitter, based on NRL's developments, is shown mounted on the
platform,

hundred miles distant, but the aircraft reception reproduced in quantities as previously de-
range was limited because of ignition inter- scribed in the section titled "High Frequency
ference. The aircraft transmitter was of the Receivers." BecAuse of vibration in the aircraft,
master oscillator-power amplifier type, with an the received signal on ground had a rough "beat
output of 7-1/2 watts. The NRL receiver was note.- This difficulty was avoided in a subsequent
the first high-frequency receiver to be de- experimental equipment though the use of crystal
veloped for aircraft or ship use and was later control, which provided a constant beat note
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(April 102). A number of experimental equip- ..spotting. out to a range of 25~ nautical miles.
ments were provided the Fleer to obitain opera- Inl expressing its opinion ot high frequencies.
tonail c ,'erienc inl aircraft. (the Fleet stated -4 will tic .1 long rimei before

A lthougih the Naivy had isccepted high fre- wec give. uip ;I'l k ilocyclIes tor long-d istAnice
qnCI C ztes tor its ship and shore Communicaition s Collis... [tie: Fk-et does not wantl .an1\ igh-

ircim s inl I 025 i.he U. .S. Fleer Inl IQ~2- was %till frequency ipparatus Instal led inl lonig-d i sance
unticrtai n oft their uitility- tor Communication with scout i ni plne. he Model~ si 1 85~ A(i\\ iir-
stoutm~ ti~ urcrafr over long~ distalncs lout ito 500 Craft cransmitter. .. is precisely what is wanted. '"

11.t l nilco h-s.ith respect to fighter planes. TVhis transmitter k OO ito S t0 k liz had beeni
he Nai~v w.Ls eVeit uncertaini of the role raidio developed bv anl N RL sri membker inl pre -N K L

w\ould play inl the principail .sircrafr functon of day I 022), Inl taking irs stand, the Fle!WI

60834 f3 5 7)

PATROL. PLANIF UOMMI!NICATION EQUIPMENT.
TYPE SF 1 48%
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concerned with the need for frequency-channel Model GF/RU equipment was the first to provide
shifting when using high frequencies, the fragility acceptable two-way, aircraft voice communica-
of crystals for frequency control, and the assumed tion, feasible because of the availability of
greater weight of high-frequency equipment. effective ignition-system shielding. The Model
The interference from aircraft ignition systems, GF/RU (Aircraft Radio Corporation) was pro-
greater at the higher frequencies and thought to cured in large numbers and used extensively,
require unacceptably heavy ignition-system and continued in use through World War 11.
shielding, was also an impediment. Although of relatively low power (5 waits),

NRL continued its pursuit of improved air- the Model GF was also used for patrol aircraft
craft ignition shielding to reduce the interfer- which required coverage over long distances.
ence with radio reception. A study of the sources The Models GH (Westinghouse) and GI (Gen-
of interference led to the development of eral Electric), also procured, provided greater
adequate means of shielding engine ignition power (100 watts, 4000 to 13,575 kHz). These
components, including a new type of spark equipments were followed by a series of models
plug (1927). The application of NRL's air- for patrol planes, the development of which
craft ignition shielding developments to paralleled that of shipboard high-frequency
Naval aircraft eliminated the interference equipment. NRL maintained surveillance over
problem and made high-frequency reception these developments to insure acceptable service
on aircraft practical. 0-10 In June 1929, at a performance. The Navy has found the high-frequency
conference arranged for the consideration of band very useful for long-distance communication
the ignition-interference problem and at- by its aircraft.
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. Teleprinter-Facsimile
Later it was utilized in commercial aircraft.
In reporting the results of tests on long-range, The first transmissions of teleprinter mes-
high-frequency communication made by the sages over a radio circuit were accomplished
U.S. Fleet, Aircraft Scouting Force, its Coin- on 6 Sept. 1922 by NRL staff members just
mander, in his report, stated, "The marked prior to moving to the present laboratory
improvement of receiving conditions in the site. Transmissions (590 kHz) were made from
planes is ascribed chiefly to ignition shield- aircraft in flight out to distances of 50 miles to
ing..." (December 19315 A requirement ground and in the reverse direction, with accept-
for ignition shielding was included in the able results.'"9 Instrumentation, particularly for
1932 edition of the General Specifications reception, had been prepared to adapt the tele-
for the design and construction of airplanes printer ("teletypewriter," "teletype") to radio
for the Navy. equipment. The instrumentation developed was

The Bureau of Engineering decided to explore utilized in early guided-missile control. During
the frequency range 3000 to 4000 kHz for April 1923 the first trials of the teleprinter over
short-range fighter and spotting aircraft com- Navy long-distance operational circuits, An-
munication and sponsored NRL's effort to pro- napolis -San Francisco -Pearl Harbor, were con-
vide suitable equipment (19 26).106 The first such ducted using high-power, low-frequency trans-

equipments procured were the models MD (Gen- mission.110 Subsequently, other experimental
eral Electric) and ME (Westinghouse) (1927- use was made of the teleprinter, but the error
1929) 107 These were followed by the Model rates over long-haul circuits were not low
GF transmitter (5000 to 8000 kHz), accompanied enough to be operationally attractive prior to
by the Model RU receiver. (193 1-1933).108 The 1944.
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FIRST RADIO TRANSMISSIONS OF PRINTED MESSAGES

Teletype printed mc'ss Lges wcrc first transmitted over a radio ir tuit with this cquipment 1,)2'), with transmissions bKtween

an atircraft in Ilight and the labortory it the Anacosti A Nay al Air Station The cqUi pntenr it i ed tic iiti to dt the tclet'p'
to the raio transmitter and recive r The instrumentation developed by pre-NRL stafl numvnbers was later adapted by NRI to
the r.idio control of Naval .raft

NRL was first to develop a teleprinter teletypewriter practical" over radio circuits. 13

system for use on radio circuits which pro- The major factor in the poor performance of
vided operationally acceptable error rates previous teleprinter systems had been due to
(1944). NRL's system employed "Frequency- the action of the automatic volume control in
Shift-Keying" (FSK) in which the frequency receivers which caused a large rise in the level
was shifted 850 Hz between two states, "Mark" of the noise and actuated the teleprinter im-
and "Space," with high precision. In view of properly during the "off" period of the "on"
the Fleet's urgent need, NRL's system was and -off" keying method previously used in
quickly put to use on Fleet radio circuits and continuous-wave operation. NRL's system
extended as soon as possible to the entire avoided this by using a continuously transmitted
Naval communication system. NRL's FSK- signal, thus holding the received signal at con-
teleprinter system greatly increased the speed stant level. Furthermore NRL provided for re-
and accuracy of handling radio communica- ceivers a frequency-shift converter to convert
tion traffic, reduced the number of operators the FSK signal for teleprinter operation, a
required, and simplified their training.""" 2  visual tuning indicator to permit precise setting
NRL's efforts resulted in ".. .Making the use of on the frequency channel, and a device for
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antonaicially starting the teleprinter. Modific.1- The unique. optical components, provided by
tion units were developed to td.1pt SubSt.11ntially Nir. Jenkins, were rotating glas disks, the edges
.11l high-trequerny transmnitters in service and ot' which varied in thickness, tbrming prisms.
convert them to lFSK. (onmrittors were guided At the transtnitter, a light beam passed through
in providing kits for field inoditika.tion. the disks ind the photographic plateC And im1-

The first U.S. transmission of photographs pinged on ai selenium cell. The light beamn wa.s
over a radio circuit (facsimile) was accom- cau1sed to scan thie photograph horizontally bv
plished in May 1922 by NRL staff members, one pair of disks and vertically by a second
cooperating with Mr. C. Francis Jenkins. a pair, A siilar optical systemi at the receiver,
Washington, D.C., scientist. Tr.knsinissions synchronized with the transmitting system.,
niaidc t ront the Na.v.il Liabor.atory at Anak ostiai prov de.d st ann ing ot a photosensitive surtace
St.ittion N( F. SOO ito 1200 kliz SOO~)( w.1tts) were to reproduce the phiotograiph. The signal pro-

rct cived .ind reL orded at M~r. lenk ins* Ltborai- duce'd by the seleniumn cell m1odulated the
u 'iv. lotated in ni hesf WaIsh inigu n, DA', transimittC ai .nd. correspondingly,, the ligh

rIl: FtIRTi U.S. FIRS. RANSNIISSION 01; III0T(lORAI'IIS0%OI;R ARA)t(IR ITlACNIIl '22

iii. ii,
1
4I)Iflsr.II,4 It cdi. trmitsitoit photo.r.' aphl i i co I,, the L Ilici 0c the ltirt-i A .c i Fgrocrccing, R MINt
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beam at the receiver, to reconstruct the image. signal, to scan a viewing screen to reproduce
On 12 Dec. 1922, this facsimile system was the images.
demonstrated to the Director of Naval Corn- NRL participated in a number of early adapta-
munications, RADM H. J. Ziegemeier, and the tions of television to serve Navy functions. One
Chief of the Bureau of Engineering, RADM S. application was in the guidance to targets of
S. Robinson. On 2 Mar. 1923, photographs of assault drones used as guided missiles, described
President W. G. Harding and the Secretary of in Chapter 5 (see also Ref. 7c in Chapter 5).
Commerce, Herbert C. Hoover, were transmitted Another was concerned with the provision of
from NOF to the Evening Bulletin Building, an underwater search vehicle equipped with
Philadelphia, Pennsylvania, the first U.S. long- television for assessing underwater damage to
distance facsimile radio transmission."14 "'1 ships and assisting deep-sea divers in salvage
Later, after an experimental period in which operations. The vehicle was remotely controlled
NRL participated, the Navy equipped certain from a surface ship (1947).11'
of its ship and shore stations with facsimile NRL developed the first television sub-
equipment and has continued to use it for the marine periscope buoy for sea-surface observa-
transmission of weather maps, photographs, line tions by submarines submerged at great
drawings, and other graphic material, 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

Television greater depths. A periscope-like optical sys-
tem was mounted on the top of the buoy and

The first radio transmissions of visual images extended to a television camera carr ied in the
of moving objects were made in 1923 by NRL body of the buoy. Observations with the remotely
in cooperation with the Jenkins Laboratory controlled optical system could be made in
in Washington, D.C11-118 The transmissions, azimuth by continuous rotation of it in either
on 550 kHz at 500 watts, were made from direction and in elevation from minus 10 degrees
NRL's station NOF to the Jenkins Laboratory, to plus 45 degrees. An erect image was main-
where the moving images were displayed. tamned on the television screen by the introduc-
On 13 June 1925, this "pre-television" system tion of a rotatable dove prism in the system.
was demonstrated to the Secretary of the In scanning the field, 525 lines per frame inter-
Navy, then the Honorable Curtis Wilbur; laced and 30 frames per second were used. The
the Chief of the Bureau of Engineering, buoy was demonstrated aboard the Laboratory's
RADM S. D. Robinson; and the Director of picket boat in the Chesapeake Bay in sea states
NRL, then CAPT Paul Foley. Moving imnages of one to three. The system had attractive po-
of a model windmill and a dancing doll were tential for special applications.
displayed. Motion-picture filns were also NRL developed a special television system
transmitted. The quality of the reproduced to provide, a means of locating and observing
images was approximately 15 lines per inch. objects on the ocean floor from surface ships
At the transmitter, the moving images were (1963)."' This system was used for long periods
focused onto a ground-glass plate, which was of time in water as deep as 8400 feet with an
scanned by a series of lenses mounted spirally installation on board the USNS GILLISS
on the surface of a rapidly rotating disk. The (AGOR-4).
rotating lenses focused the picture elements, NRL developed the first satisfactory tele-
in turn, onto a photocell to provide the signal. vision system for the observation, within a
At the receiver, a similar rotating-lens arrange- submarine, of the performance of outboard
ment caused a light beam, modulated by the equipment (1964)"'2
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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 caused the incident energy of a signal element
instrumentation otherwise required. The system to be refracted over several paths of varying
was first used in determining the performance of length, with correspondingly different delay
NRL's towed radio-communication buoy, while times. Some of the components of the original
under development, during its "nesting" operation one-millisecond signal were delayed as much as
in the deck of the submarine USS SEACAT (SS- four or more milliseconds.23 To avoid inter-
A99) while submerged (1964). It was also used for ference, acceptance of a new signal at the re-
this purpose on the submarine USS TRUTTA (SS- ceiver had to await the arrival of all components
421) during 1965. The system was most useful of a previous signal. The transmission time of a
whenever it was necessary to observe nesting of standard weather map then became one hour, as
such buoys. compared with the usual 20 minutes. To over-

come this difficulty, NRL developed a multiplex
system which was first to provide good quality

Communication Circuit Multiplexing reproduction of facsimile consistently under
Satisfactory quality was obtained in the high- multipath conditions over high-frequency cir-

frequency band with facsimile when ionospheric cuits (1948).14 This multiplex system was also
conditions were good, but when conditions be- first to provide satisfactory accuracy in tele-
came unfavorable the quality was severely printer operation at high speed under unfavor-
reduced. The irregularities of the ionosphere able ionospheric multipath conditions in the
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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 160 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- ends of the radio circuit. This system was given
sively in high-frequency teleprinter systems. In this extended trials over high-frequency long-distance
system, the amplitude-modulated facsimile out- circuits such as that from Washington to San Fran-
put was converted into quantized mark and space cisco and was proven to give satisfactory facsimile
type signals of one millisecond duration. Sequential performance under multipath conditions. This mul-
signal elements were commutated into eight prop- tiplexing system permitted the transmission of 7 by
erly spaced audio-frequency (2400 to 4500 cycles) 7-3/8 inch facsimile copy in seven minutes.
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 High-Frequency Single-Sideband System
eight-millisecond duration, adequate to contend
with any ionospherically delayed signal component. To accompany the multiplex system just
Similar, synchronized, multiplexing devices per- described, the first high-frequency, single-
forming these functions were provided for both sideband system, providing a substantial
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increase in communication capacity through ment and procurement of equipment incorpo-
radio-spectrum conservation with suitability rating the results of NRL's work, contractors
for shipboard operation, was developed under were guided and extensive performance in-
NRL's leadership and guidance ( 19 5 5 ).12.1 vestigations were made to insure satisfactory
By suppressing one of the two sidebands pro- service use (1955-1963). The efforts led to equip-
duced by the modulation, and also by suppressing ment capable of providing eight teleprinter
the carrier, introducing it instead at the receiver, channels utilizing the same spectrum bandwidth
spectrum use can be reduced solely to that previously required by a single FSK teleprinter
required by the original signal. Concentration of channel of the conventional double-sideband
the available energy on one sideband provides type. The equipment became identified as the
greater effectiveness in its use (9 dB). NRL Models AN/WRT-2 (transmitter), AN/WRR-2
conducted a thorough investigation of the (receiver), and AN/URC-32 (transceiver),
problems encountered in using single-sideband thousands of which were obtained (1955-1968).
systems for ship-ship-shore communication and At least two equipments were installed on
the advantages to be had in their employment, smaller ships, with greater numbers on larger
Several techniques were devised and included ships. The single-sideband system superseded the
in an experimental system intended to utilize double-sideband type, and other military services
existing Navy continuous-wave transmitters and adopted such equipment, including the NRL ad-
receivers (1946-1952).127,128 Early single-sideband vances. Commercial communication systems have
systems used means to perform the necessary also greatly benefitted by NRL's work.
functions of such complexity and requiring such
exacting adjustment and highly skillful servicing
that they were impractical for Navy use aboard Communication Security
ships. Furthermore, unacceptable signal distor-
tion occurred unless the receiver was tuned For many years, the Navy, to prevent the
precisely to the transmitter frequency. This extraction of the intelligence in messages being
limitation required the transmitter to be con- transmitted over radio circuits, used a five-letter
tinuously active, a situation which could not be code with letters transposed in accordance with
tolerated on shipboard. A major difficulty was permutations established by complex "cipher"
the lack of adequate precision in the frequency patterns. Later the "encryption" process was
control of transmitters and receivers. A precision enhanced by the availability of electromechani-
of about one part in 10s was required, but such cal devices operated from a typewriter-like
precision was not then available aboard ship. keyboard or a punched tape. The "key" of

NRL's work (to be described later) on highly these devices could be changed at frequent
precise frequency standards and on frequency intervals to reduce the probability of code
synthesizers which could produce output fre- breaking. The encryption process introduced
quencies of the required accuracy on a decade considerable delay in transmission of messages,
basis from a single crystal standard made which became a heavy burden at the principal
single-sideband operation feasible. The highly communication centers during World War 11.
precise frequency control also made available As many as 100 especially qualified officers had
advantages of single-sideband transmission to be assigned to such centers to contend with
not otherwise possible, including low harmon- the traffic load.
ic and intermodulation distortion due to the
behavior of the ionospheric transmission medi-
um, unlimited circuit netting, so important in Electronic Encryption System
task-force data and information exchange, An important advance in carrying out the
and far better circuit reliability. In the develop- encryption function was made when NRL
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"ON.LINF" FLECTRONIC COMMUNICATION ENCRYMrON SYSTEM
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developed by NRI. (1947), although modified as improved comptinents betAme available, was widely used by the several

MIlit~ry servites

developed the first "on-line" electronic encryp- formance (1953). As improved components be-
tion system, which is generally basic to encryp- came available, the basic system was broadly
tion systems (1947 ).123. 128 The system was placed modified to meet the needs of the several military
in operation on Navy transcontinental and trans- services. Instead of transposing the letters of the
oceanic trunk circuits and gave satisfactory per- message, this system transposes, in random
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fashion, the "mark" and "space" signal elements to must have adequate "randomness" to avoid the
be transmitted. The work was first directed to pro- discerning of any pattern which might lead to
vide cover in transmitting facsimile material. The code breaking. The Navy became concerned
amplitude-modulated output obtained in scan- about the security of the punched-paper-tape
ning the facsimile material was "quantized" to pro- cipher keys supplied by a central military
duce a"mark" and "space" type signal. This was com- organization, which it used to produce the ran-
bined algebraically with the random output of a dom stream of elements (1950). The degree of
code generator to produce the encoded signal to randomness had been determined by visual
be transmitted. The code generator employed a inspection of the tapes, a method which did not
number of continuously rotating disks scanned appear adequate to uncover possible weaknesses.
photoelectrically. The disks had holes located To provide a statistical basis for judging
near their edges placed in angular positions security quality, NRL developed the first
corresponding to the code key. As the disks statistical analyzer for determining the "ran-
rotated, light beams passed through the holes domness" of punched-tape cipher keys (1952).
activating photo cells, the outputs of which The use of this device uncovered many weak
were combined electronically. The code-genera- keys and brought about substantial improve-
tor output was the binary sum of the signals ment in the security of communication in the
produced by the several disks. Additional disks several military services which relied upon
with holes located in various angular positions the keys.
were provided for changing the key. This method The operational speed of the electromechanical
of generating the random signal was modified by counters used in the first analyzer limited the
employing binary digital "ring" circuits when length of the cipher key that could be analyzed
suitable binary magnetic storage elements and the depth of the analyzing process. The speed
became available. The key could then be inserted was also inadequate to match the operational
electronically in the "ring" circuit. A similar speed of the magnetic binary digital type crypto
code generator, synchronized with the generator generator under development. As a further
at the transmitter, was used for decoding at the step, the Laboratory developed the first
receiver, electronic real-time statistical analyzer, which

Although intended at first to provide cover made thorough and rapid determination of
for facsimile transmission, this security system the randomness of security cipher keys
met an immediate need for adequate security practical (1957).129,s1 The performance of
on Navy teleprinter circuits. Since the teleprinter this key analyzer proved successful, and the
output was already quantized, it could readily details of its design were made available to
be combined with the random output of the code other military organizations. This type of ana-
generator. The code generator, designated the lyzer was widely accepted by the military
AFAX-500, was procured in quantities through services, and it materially contributed to the qual-
contract. The generator, together with the multi- ity of their secure communications. This analyzer
plex system previously described, provided the was based on modern statistical technology applied
Navy with secure, reliable, low-error-rate means to modern electronic binary digital circuitry. A
of transmission over long-distance high-frequency measure of the probability of randomness was ob-
circuits. tained through autocorrelation, crosscorrelation,

and automatizing the routine and repetitive parts
of the statistical analysis of a time series.

Cipher Key Quality Electronic Station Call Sign Encryptor

The cipher keys of crypto generators, which The practice of assigning call signs to ship and
comprise binary streams of digital elements, shore stations for purpose of identity permits
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association of' the density of' comnmunication irs Washington, D.C. radio-communication termi-
traffic with the individual stations. Under cer- nal. It provided a 20-to- I reduction in operational
tain circumstances such association is of military manpower as Compared with that required by the
value to hostile forces. By changing the call mechanical devices previously used, and made call-
signs of stations in a random way, uncertainty sign encryption practical.
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 Coi..oromising Emanations

technique using a prime number as a radix for the Commnunication systems, equipments. connect-

alphanumeric series- letters plus numbers (1956). 1 ,31 ing lines, or cables handling classified matter
This deuvice was used successfully by the Navy in may emit compromising emanations which can
regular operations over a period of several years at be exploited through clandestine means, thus



RADIO COMMUNICATION

ELECTRONIC: STATION CAI.L SIG;N ENCRYPTOR
This encryptor vais first to permit the ra ndomi determsination of radio~station call signs elect roni-

,ally, to introduce uiice rtainty of station ide ntitv and thus deceive hostile interests kNRI., 1"0

This NRI.-developed device was used successfully by the Navy in rrgulair operations over a period

iif ssc cral Vir,

vititating security. Thw emfanationls may be used to pass classified matter. Emanations from
generaited in cle~troimagt1(-tt(, electric, mawtic. these information carriers, even though of ex-
or atcoustic form ind, kiLI to X0 lAoattonl With tremely low energy )evel. may be subject to sur-
11at$ it SNVS(tCtS 11,1ndlingf -lear-text 'clLssitie5 reptitious interception by various means. NRL was
inm-ct nmNv cont~lin vartatiotns relprcsentattve first to develop adequate procedures to determine
of tis tuatter. 1lwStc Lrm11.tttiuS ma1y% bypa.SS the electromagnetic leakage from shielded non-
ctr ptog.raphtc ilcviL(-s antd alpcar tn d(2tCirablC ferrous cables and magnetic leakage from ferrous
torni in the. outtputs ot systemns or may. be dis- conduits and ducts. These procedures resulted in
SeIZMinCCte by diverse mcanis beyotnd Jie se u rity standards widely used by organizations con-
perimeter. Investigations leading to the effec- cerned with secure communications (1965).112 The
tive suppression of these emanations to avoid procedures for nonferrous cables cover the entire
compromise is an activity of concern not alone to radio-frequency spectrum. Those for ferrous con-
the Department of Defense but also other govern- duits and ducts provided accurate means of deter-
ment departments and offices. NRL has been a mining magneti c attenuation at lower frequencies.
pioneer in this field and has made many contribu- The Laboratory has conducted many investiga-
tions to the various organizations. tions of communication systems which have led to

Another example of unique activity in this field the correction of their security weaknesses. It has
is related to shielded cables, conduits, and ducts provided new techniques to advance the capabili-
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ties of new security devices and to eliminate the having efficient radiating characteristics over
weaknesses of existing delinquent devices. It has the high-frequency band without serious gaps
furnished critical technical information for procure- was available. Through an investigation of
ment specifications for new security equipment and various Antenna structures. NRL found that two
has provided guidance in the preparation of federal concentric cylindrical tubes, when properly
standards used by all government departments. The arranged and proportioned, could provide a 3-to-
results obtained have had significant impact on the I frequency coverage with A Voltage-stAnding-
security of communication systems used through- wave ratio not exceeding 3 to I (known as the
out the world by the various government depart- sleeve antenna). Is' 13 Although previously ap-
ments. NRL's specialized expertise, acquired over plied as a single antenna on the Guppy type sub.
an extended period, brought wide recognition as an marine. the SS 350 (1948), the first extensive
authority in this field. installation on the broadband sleeve antenna deve-

loped by NRL was made on the task fleet flagship
USS NORTHAMPTON (1953).' Ten antennas

HighFreqencyAntenas(five triansmitting, five receiving) of the new de-
HighFreqencyAntenassign replaced SO of the earlier type and in three

The relatively small size of high-frequency sizes provided continuous effective coverage of
antennas, as compared with the size required at the high-frequency band. The new broadband an-

the lower frequencies. was an Important factor tenna was subsequently applied to destroyers, air-

in meeting the need for greatly Increased radio- craft carriers, cruisers, and other classes of ships

communication capacity oft Nav-al ships A .on- with NRL providing the necessary technical infor-

siderable number of high-trequency antennas. niatio n and guidance."' This antenna has Also

usually half-wave dipoles. could be accnm found extensive use at shore stations throughout

modated aboard ship without interaiction. whereas the world. Nevw applications are continually arising.
only very few lower frequency Antennas could ble
installed in the limitted space avacilaible However.
during World Watr 11. the number oit high Itgaino hpSprtutr
frequency circuits used tbr tcommlind tunctions Intgin oF Antenn Stestuur

Increased ito such an extent that atntennai conges- nHFAten ytm

tion on shipboard became11 A serious problemn Iarge parts of the superstructure of ships, such
The communication ships (Tvpe A60~ serving ot a smoke stack, adia~cent to high-trc-quenc-
command had so many atntennas chat .t circuit .lnCcnAS hatv marked .tdvcrse etic t onl their
Adiustment (If any one oit themn would so react pci-tormaniih e md kAtuS- bZ.11S In azimuth0 covc*tr.%t&
upon the others as ito make rapid changes in NRI deterimined thltt by in~ luding large super
frequencv Impract icaml To remiedy this situation st rukcure elements in the antennat ssvceni with
NRL sought to provide atn antenna sttucture proper desugn. ectiki\ e over.1gv" trom) , It)o

having broad frequentj radiatting characteristics, Nliltl ould bet obtatined This lower part ot the
so tht A singl.ntnacud c.mmae high trcquen~ v baind requires the largest phvsicktl

several transmitting or receiving equipments struo ure, %o the use oit eitisting structures not
operating simiultaneously The problem was onlyv .oniserves \aluaible de~ k SPAk e but .ilso
primarily oine of transmission, since the labiora- 3.m1o i.z i muthl blotking, thuis turnincg .A itbcI it\

torv hatd developed fairly efiective mneans for into0.tn Liset The -konning cower oit the Ihippv
multiple reception using an aIVIriodic Atntenna type submatrine. I SS 0,0 .La i ii~luded in its

I, 1022. 10.- which hatd continued in use through- h11.h treqIuen, v IItenIASStvIem in the hrsc applika

out the Navy H owever, no tratnsmitting atenna tion oft this concept 00I4S) The inclusion of a
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A A

A BROAD'BAND ANULNNA
B BROADBAND ANTENNA INTEGRATED WIIH SlACK

1IlE,11 FRI-QIFN(Y BROAIBAND ANTFNNA INSVALI AIION ON Till IsSS NORIIAMII'ON

I h,%a "trn ~etIne tst1.tiontt' tr % ship~otrtprtscd ten sleeve Antermutsi dc (rransirrtrng. ttse resets tog iree~d b% N RI
Thee tri.t b mll .tC0tn ts rCpl.C d 0 ot the eArlrhcr n rro- b. sd ti , s spOe s pro, ded "I"Itt Ctes titr %i's r - ,I tr htth trequel 

' ,

bhj l hi -.Uifltt.t5 i " SCelt Is %M 14 t% ll% .rr.4 nged svltnd, rd .?l strt rttret rilr .ITh tn tmt.I hr .,,Ird , mixost p[ s.rtsti r. it it thAt wile

AN N+'N . s s ,, .,tsp the enter towef NRI de,+ .lo|vt srtttAl 5 r r nen , of this r.tft 0n thhr phto . the rier A it1 5,.te' a

br 'it...i .. I - 'rei . I ire ltter t j I t i t r oad.tndb .d atrntr stm miegratei . (h ai the t,lk

ship*% stack as part of a high-frequency antenna Conical Monopole Antenna
sistem Uas first accomplished by NRL on the
L'SS 69 (lass of destroyers (1949)."" Both for- NRL developed the conical monopole
ward ind Ait -tacks of these ships were used as the antenna to meet the requirement for a high-
sleeve set tions of two of the antennas The first in- frequency antenna of low height to minimize
st.lationt .truer clss of vessel was on the SS obstruction to aircraft in landing at Naval
NOtRTHAMPTON (l S)+ Its application to Air Stations H 9%). Hundreds of these an-
other ships continues, utilizing such parts of the tennas %%ere installed at Air Stations, both
superstructure is gun turrets and deck houses Navy and Air Force, throughout the world.
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I 1F "ONI Al MONOPOIF" fitIGi-FRFQ'FN(Y BROADP,AND ANIFNNA

I I rs tcpc I .im cmin.1 ,ic. \t R I '- " TO :%1101111' 1, i 1ii,,-Aff:c : r ritf ,,l , t r' :,r! I tlu ,,rh c i, , t ;t h ,I h Tll :!I, f.11

" , Vp l 1mit 1 ' ~ k lc'ii I l;o, z hv o 1 ' It m ilc1l.0 1 'ttttrcflI Ittcii it n , t lz : l' I sI.1 ! 11'. 1 ct t hpIcI, c h '.I , I . l it

tco.., t .I I l tivis 1 it(01 i , ih ru ~r, it ,1 O tAl 10 it !c, of rh l s I It flit Ii irt cd r If "t 1 , o c .. h t ci i n It.....;,,,1.11ic li rt diz ;r f htca, t, A r im. -nl,:* mI,i om mIl~tl- W 1\ttl f ",[t( n
,  

tl (hc " . '[Al 111111t .tV
"  

A00 I ' V 11O ,ltill il~l 11A1{[,W 11i 3tl th,' N .t .l:

Xci St.c~hoit, I., Scctit lit. tio, i. p. t iricn cci fit {h 2 {,' S Mtt} { r~i.t'

This antenna comprises a number of radiating ele- proi~des i ;tlo I trecqkcnkv 'o\crae 'a ith a

nicnts arranged around and cticne.ted to the top vtfilta.it scandl i.g ,. . ratio nrt no ( ced i ;t

oif toldukting support pole The elements I " The design ot the mcinoptilc .utLtcA1n-C pI

extend oiutward and dow Nard t) a point ulst rmis ol ei cr to be ted thrcuh its groundcd ['tsc.

below the level of the midp nttl of the pol, an,] sCrutturt' to .irtraft obltruc tol 'a arnstrg

and then downward and inward to a kconnet1.ing lights it (he top it the poi le ' ithouct the c it'lixt.3

ring about the base ot the pole (onnec tn tnot ot a high trequen,\ isolation (ranstorttcr

cross-mer;mbers extend trom the mdpilint oi the required lith other antenna dcsigns

pole oiutward it the radiating mreniters to torm

an impedance transformer This transformer
provides an adequate impedance match for the Conical Monocone Antenna
shortened antenna at the lower end tif its fre-

quency band The antenna is ted at a point )n soie t pes cit vessels the loer part m the
between the ring and the pole The antenna slccve .menna strukture %as tound to be Ot su.h

"" I I , /,..,,, li i m zii i - _ . .... ..... nso
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size as to obstruct vision in docking. After antenna received wide acceptanice, and a great
further investigation, NRL developed the variety of new applications were found. This an-
conical monocone antenna, which avoided the tenna comprised four sloping-wire radiating ele-
vision-obstruction difficulty (1959). The ments, supported and fed from the top of a central
nionocone antenna was first installed on the mast. An equal number of impedance-matching
USS OBSERVATION ISLAND (1959). This wires are disposed beneath the radiating elements.

THE "CONICAIL-MONOCONE" HIGH-FREQUENCY BROADBAND ANTENNA
This antenna was developed by NRLd1959) to minimize visual obstruction aboard ship caused by the structure
of certain types of broadband antennas. A 48-to- I scale model of the USS NORTHAMPTON is show.n, with two -

sections of this type of antenna (upper 2 to 6 MHz, lower 6 to 8 MHz). It comprises four sloping-wire radiatmng
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 to several classes of Naval
vessels.
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The antenna structure, when properly propor- confirmation was first used on the US$ NORTH-
tioned, provides coverage over a frequency range of HAMPTON (1967).
5 to I at any point in the high-frequency band, with To improve the shipboard antenna-design
a voltage standing-wave ratio not exceeding 3 to 1.° procedure, the Laboratory devised a model
This antenna lends itself to the stacking of sections, technique through which scaled mode of
so that with three sections, the lowest frequency antennas and ships were subjected to meaure-
section encompassing the other two, coverage of mats to determine the best antenna place.
the entire high-frequency band (2-30 MHz) is fessi meat configuration (1948). The Laboratory
ble, and valuable deck space is conserved. has used the model method to provide rom-

plete high-frequency antenna suits for many
classes of Navy ships including command

High-Frequency Shipboard Antenna ships, aircraft carriers, guided-missile ships
Radiation Characteristics (Type DLG), cruisers, mine sweepers, and

support ships. Broad application was possible.
To preserve the broadband and azimuth radia- The ship models included the various structuraltion characteristics of antennas, their placement elements influencing antenna characteristics and

and that of other structural elements required were mounted on a flat metallic surface simulating
aboard ship must be arranged to minimize inter- the sea. Changes in models based on the measure-
action. During World War 11, to improve ments could be made quickly and easily, expediting
antenna performance, the Laboratory made the antenna placement design. At first, scale factors
azimuth radiation pattern measurements of up to 120 to I were used. Later, to provide greater
antenna installations on nearly 100 ships of design accuracy the model size was increased so as
various classes, including battleships, aircraft to lower the scale factor to a maximum of 50 to 1.
carriers, and communication ships (AGC The arrangement resulting from the model work
class). These ships, just commissioned or was confirmed by measurements on a full-scale
overhauled, were sent to a point offshore at installation aboard the particular ship for which it
the Laboratory's Chesapeake Bay site to have was designed.
the Laboratory me the performance of their The model technique has given excellent
entire electronic systems before proceeding results, the performance of final shipboard
to their operational missions. The Laboratory installations corresponding quite closely to that
also made such improvements as were possible of the models. It was first applied to the Guppy-
in the time allocated. The antenna-pattern type submarine (SS 350), in which the conning-
measurements were made by having the ships tower structure was used as the sleeve section of
circle buoys anchored in the Bay, while instru- a sleeve antenna (1948).141 The structure was
mentation on shore made measurements, or by modelled with a scale factor of 24 to I. A stand-
having a small craft carrying instrumentation ing-wave ratio of better than 3 to I was obtained
circle the ship. The measurements disclosed many over a frequency range of 2.6 to 1 with the
objectionable "nulls" in the patterns. The prob- resulting antenna.
lem of making the necessary changes was found
so involved that only limited adjustments of
antennas could be made in the time available. High-Frequency Antenna Multiplexing

An NRL improvement in confirming shipboard
installations utilizes a helicopter, with instrumenta- In using several transmitters and/or receivers
tion suspended below and at sufficient distance to simultaneously on a common broadband antenna,
avoid field distortion. Ships can be circled quickly, coupling circuits must be provided which will
and by making measurements at various altitudes, insure proper impedance match for the efficient
elevation patterns can be obtained. This method of 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-I 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.

NRL'a 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 measureents. It is the only facility adequately to determine the performance of wide-aperture ,
antenna models. The facility comprises a 1 O(0-foot-diameter ground screen, the center of which contains a turntable 15 feet in diameter. A
48-to- I scale model of the type APD Command (or transport) ship is shown on the turntable. The turntable forms part of the roof of an
underground building (z34 34 x 9 feet high) which houses the measuring 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 inaccuracies in measurements.
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avoid interactions among equipments. Minimum incorporated in the Model XZ antenna diplex cou-
channel spacing to allow the maximum number pling system and applied to ocher ships (1932).14
of communication channels and minimum energy The technique however, required quite wide separ
loss in coupling networks are of importance. tionbetween frequencychannes and had higheffi-

ciency only for the lower frequency transmitter.

Transmitter Multiplexing Becae of complexity in making adjustments, it
was limited in use to two transmitters on a common

The transmitter multiplexing problem is antenna in shipboard applications.
particularly critical, since high power in coupling In later work, the Laboratory wa first to
circuit components is attended with the genera- devise a transmission line-series coupling
tion of heat, which may be difficult to dissipate, technique by means of which transmitters
and high voltage, which may cause breakdown. were coupled at intervals along a concentric
Early work on this problem resulted in a filter transmission line to its inner conductor
technique which permitted the operation of through small openings in its outer conductor
three lower frequency transmitters on one (19 46).16 Antenna multicouplers employing this
antenna for the first time (1922).142 This technique technique became standard equipment in a va-
was first applied to the high-frequency band using riety of shipboard installations (AN/SRA-13,14,
the Models TU (200 to 400 kHz) and TAF (2 to 15, 16). For the high-frequency band, low-loss res-
18.1 MHz) transmitters (1930).'a It was demon- onant circuits connected to the transmitter were
strated on the USS TEXAS with the Models TO arranged to couple to loops inserted in series with
(0.5 to 1.5 MHz) and TV (2 to 3 MHz) transmitters the inner conductor of the transmission line. With
(1930) and applied later on the USS SARATOGA this technique, four high-frequency transmitters
and USS DETROIT (1931).'" The technique was could be operated on a common antenna with a

.11 la4! m

3- A':,~ GIVE .

HIGH-FREQUENCY TRANSMITTER MULTICOUPLERS

These multicouplers incorporating an NRL-developed technique were first to permit the simultaneous operation of four trans.

mitters on a common antenna (1959). They provided frequency channel isolation of 20 dB at 10 percent frequency sepwnttion.

In 1964 they were modified by NRL to permit the operation of eight transmitters with 40 dD isolation at 5 percent frequency,

separation. Left to right we the Models ANISKA-I3. 14. 15. and 16.
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frequency separation of 10 percnt. sn isolation of of withstanding high voltae. The nsces of
20dB, and a nominal power loss of I dEl (1950)."'1 the capacitor were so contoured s to minimime
This isolation was adequate to prevent interaction om. This vacuum type of variable capacitor
between transmitters. Multicouplers incorpocating was first used in the hilh-frequency multicoupler
the transmiasion-line-couplins wchnique were first of the USS NORTHAMPTON installation (pre-

installed on the submarine USS JINX using three viously described) at a l/2.kW power level A
high-frequency transmitters (1950)."1 An exten- capacitor of further improved design was in-
sive installation of multicouplers employing the cluded in the NRLdeveloped multicoupler
tmchniquewasmadeontheUSSNOTHAMPTON AN/FRA-49 (V) which permitted operation,
(1953).0Thenecouplers permitted theuseof four for the first time, at the 10-kW level in the
transmitters on each of five broadband antennas 2 to 6 and 5 to IS MHz bands. This type of
and gave coverage of the entire high-frequency multicoupler was first installed at the Naval
bend. Radio Station, Annapolis, Maryland, where

A serious difficulty was encountered in deter three 10-kW transmitters were operated on one
mining adjustments which would provide proper antenna (1956).11 Subsequently, it was installed
impedance match between the transmitters and at other shore stations. A 10-kW multicoupler
the antenna. This problem was solved by de- capability in the 10 to 30 MHz band was fint
vising a reflectometer which was inserted in attained by employing a coaxial transmission
each of the transmission lines connecting the line type of resonator in combination with the
transmitters to their respective coupling units new capacitor. This capability was first provided
(1947).15 This reflectometer comprised a short the communication ship USS ANNAPOUS
wire placed parallel and close to the inner (19 64). lu The vacuum variable capacitor found
conductor of the transmission line. The wire wide use in various applications.
was arranged so that the voltages caused in it Doubling the number of tnmmitters
due to inductive and capacitive couplings by which could be opeatne on a common im-
the outward fowing energy were balanced. This tenna was made possible through NiL's
device permitted sensing the reflected energy, development of a multicoupler with dual-
which was of reversed phase with the inductive meth resonant circuitry and a combining
coupling but not with the capacitive couplig network which provides impedance coi-
A microammeter and diode connected to the pensation (19918 With this new multi-
short wire permitted observation of the amount coupler, eight tranmmitters could be accom-
of reflected energy and adjustment of impedance modated on one antenna. The isolation between
to reduce this energy to a minimum, channels was also doubled to 40 dB, with a

Voltage breakdown between the surfaces of frequency separation of 5 percent. The insertion
variable air capacitors used to tune the resonant loss was nominally 2 dB. Previously developed
circuits of multicouplers was a further difficulty multicouplers AN/SRA-13 and AN/SRA-14
encountered in their development. The spacing (1/2 kM) were modified to include this new
of the surfaces could not be increased without combining circuitry to obtain the eight-channel
increasing physical size beyond that permissible performance.'8 "t ,  Initial installations of these
at the operating frequency. To overcome this were made on board the USS ESTES (AN/SRA-
difficulty NL with the cooperation of a con- 14) (1964) and the USS NORTHAMPTON (AN/
tractor (Jennings Co.). developed a high-power, SRA-13) (1965). Ten4lowatt multicouplers result-
vacuum variable capacitor using a bellows ing from this work (AN/SRA-35, 36, 37) were
mechanism to provide the variation of capacitance procured (Naval Gun Factory, Washington, D.C.)
without disturbing the vacuum seal (1949). This and first installed on the communications ships
structure permitted close spacing of surfaces USS WRIGHT (CC-2) (1963). The AN/SRA-36,
with corresponding compactness and a capability 57, and 58 multicouplers for l-kW operation util-

8,
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ized the new circuitry, which was useful in multi- also with respect to local transmitting channels.
coupler design. This, together with increased transmitter power

level, nade imperative much greater selectivity

Receiver Multiplexing and linearity in multicouplers. While both
transmitters and receivers can be satisfactorily

Prior to 1923, radio reception aboard ship operated simultaneously on the same antenna at
simultaneously with transmission was generally low power, the high transmitter power used on
unsatisfactory due to the interference caused by shipboard makes the isolation of 20 dB and
spark and arc transmitters. The elimination of more, secured by proper spacing of transmitting
these types of transmitters was an important step and receiving antenna, of considerable value.
in making simultaneous operation possible. However, in spite of this isolation, reliance
Another important step was the Navy's decision, must be placed heavily on the performance of
based on NRL reception work, to locate ship- multicouplers to avoid receiver intermodulation
board reception facilities forward and trans- and injury to components which may result from
mitting facilities aft, which provided consider- the several hundred volts likely to be induced
able isolation of the two functions. Partial in the receiver system during transmission.
separation of these facilities was first accom- The first substantial step in advancing re-
plished on the battleship USS WYOMING, then ceiver multiplexing performance, over that
the flagship of the scouting fleet (1923). A more of the early coupling tube-resistance netwock
comprehensive separation was next made on system, was the result of NRL's adaptation of
the battleship USS COLORADO. The arrange- its new multi-msh resonant circuitry tech-
ment was adopted and specified in the Navy's nique, previously developed for trammiaaion-
standard plans for ship installations (192 3 ).us Its use in receiver multicoupler provided

Laboratory staff members prior to their 40 dB isolation at 5 percent frequency spacing
transfer to NRL devised a "coupling tube- from an adjacent transmitter channel, and
resistor network" system for receiver multi- made possible accommodation of up to ten
plexing with which up to eight receivers receivers on one antenm NRL developed
could be operated simultaneously on one multicouplers including this technique which
aperiodic antenna without interaction were designated the CU-1573 (2 to 6 MHz),
(1922).ls This system was installed on the CU-1574 (6 to 18 MHz), and CU-1575 (10 to
USS WYOMING and successfully demon- 30 MHz) (1961). First installations were made

4 strted by NIL during fleet maneuvers in on shore at U.S. Naval Communication Station,
the Caribbean Sea and in Pacific waters in Keflavik, Iceland (1961) and on the missile ship
the early part of 1923. In view of this demon- USS NEWPORT NEWS (1963).
stration the Navy issued standard plans for The next important step for multicouplers
the installation of the system specifying eight was NRL's provision of a terminated transmission
receivers on the larger ships.'" This receiver line-combining network technique which per-
multiplexing system performed acceptably at mitted up to 20 receivers to be used on a single
the lower frequencies and also in the high- antenna(1966).1 Multicouplers utilizing this tech-
frequency band as the latter came into general nique, such as the AN/SRA-38, 39,40,49, and 50,
Navy use. The system found extensive applica- were obtained under formal procurement for wide
tion throughout the service and continued to be Navy use (Pickard and Burns). A third step involved
used long after World War 1i. NRL's development of radio-frequency energy-

In recent years the Navy's requirements for level-sensing and fast-acting overload devices and
ship communication channels had greatly in- their embodiment in multicoupler input circuits
creased, necessitating the closer spacing of (1961).,i1,9 These devices cause the receiver input
receiver channels with respect to each other and circuits to be isolated when induced voltages from
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HIGH-FREQUENCY RECEIVER ANTENNA MULTICOUPLER

This multicoupler. developed by NIL (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 5 per-
cent frequency separation from Adjacent transmitting channels (types CU.
IlI- 1 2 to 6 MHz; CU- 1514, 6 to 18 MHz; CU.1575, 10 to 30 MHO).
This multicoupler has been widely used in shore and shipboard installa-
tions.

87



RADIO COMMUNICATION

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 antenna
having 40 dB isolation at 5.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 FIRST TOWABLE HIGH-FREQUENCY

maintained while running at periscope depth SUBMARINE COMMUNICATION BUOY

with low probability of detection by an enemy.7 4

However, in performing certain functions This NRL-developed buoy was first to permit high-frequency
communication from submarines while submerged at depths

submarines must be able to communicate on high down to I 10 feet and while running at speeds up to 8 knots.
frequencies from greater depths. In dealing with It also had UHF communication capability. The buoy is shown

the problem of communication from submarines installed on the submarine USS BLENNY (1957).
in submerged positions, NRL was first to devise
a towable communication buoy, releasable by a
submarine while underway, carrying an antenna desirable hydrodynamic properties while being
which was maintained in a vertical position just towed at eight knots from a depth of 110 feet. It was
above the surface of the sea (1957). This device found very difficult to spot the buoy visually from
was further improved by NRL and was widely the air.
used. The tow cable was arranged to provide a In the first trials, difficulties were experienced
means of transmitting the high-frequency energy in releasing and retrieving the buoy due to the
between the antenna and the transmitting and lack of a suitable winch-buoy nesting mecha-
receiving equipment located within the submarine. nism.162 A winch-buoy assembly was designed
Early models of this communication buoy were which permitted the buoy to be streamed and
procured in sufficient quantity to equip a squadron retrieved satisfactorily from the submarine
of submarines, the USS BLENNY receiving the deck. A remote-control system including a
first installation (1957). In tests at sea, satis- buoy-depth indicator was provided which allowed
factory communications were established from the buoy to be placed in proper position relative
ship to ship and ship to aircraft. The buoydisplayed to the sea surface from the radio room. The
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system provided compensation for variations in face periodically to make their reports. This
sea state, changes in depth and speed of the sub- required relief by another submarine, to avoid a
marine, and the maintenance of proper cable gap in the screen. The USS CAVELLA, equipped
tension to avoid failure and loss of the buoy with the buoy, was able to maintain continuous
(1960).'" This communication buoy system be- surveillance, reporting whenever necessary.
came known as the AN/BRA-10 (1962). Its Certain operational modes of submerged sub.
operational effectiveness was strikingly demon- marines require high-frequency communication
strated aboard the USS CAVELLA during the from greater depths while underway at higher
Cuban crisis (1962). In maintaining a sonar speeds. Substantially increasing the length of the
barrier at proper submersion depth, the sub- tow cable would cause such loss in the transmission
marines not equipped with the buoy had to sur- of power as to make it impractical to leave the

transmitting and receiving equipment within the
submarine. To obviate this difficulty, active trans-

75505(4) ceiver components were designed of sufficiently
small size, light weight, and flexibility as to make
possible their 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-

IMPROVED TO NABLE HIGH-FREQUENCY mance when towed at the higher speeds from

greater depths, maintaining satisfactory stability in
This buoy system (AN/BRA-10), developed by NRL a state 4 sea (1963-1967).'" Later models were

(11)60), permitted full control from the submarine's improved to reduce drag effects and proved their
radio room while underway. It is shown installed on efficacy in service.
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 demonstrated
aboard the USS CAVELLA during the Cuban crisis Transosonde System
(1962). This buoy also had an IFF capability, a UHF
communication capability, and a VLF reception Prior to 1952, vast ocean areas were without
capability. 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 greater submersion depths. It was first to have the transceiver components located in the
buoy body, resulting in reduced radio-frequency loss and increased communication performance. Developed by
NIL (1963-1967), a model is shown installed on the USS ATULE. This buoy also had a capability for 1FF, for
UHF communication, and for VLF reception.
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provide reliable weather forecasts necessary in 1957 when the Navy began launchings of Tran-
for the determination of flight plans for the sosonde equipment from Japan.
rapidly increasing aircraft activities over these This first operational system comprised a 39-
areas. In forecasting, reliance had to be placed foot-diameter polyethylene, tear-shaped, helium-
on the projection of data collected in adjoining filled balloon with a gondola attached immedi-
areas and the historical knowledge of the develop ately below containing a 50-wart, crystal-con-
ment and movement of storm centers within trolled, high-frequency radio transmitter, battery
these areas. The rapidly changing nature of power supply, and meteorological equipment.
weather patterns often rendered such forecasts The antenna was suspended vertically below the
unreliable and misleading. To improve the gondola with tuned wave traps spaced along the
accuracy of weather forecasts, the Laboratory antenna to provide proper resonant lengths for
developed the "Transooonde" system (tram. each of the three transmitting channels. Trans-
oceanic sounding), in which a balloon-borne missions were made every one to two hours for
high-frequency transmitter provided signals a period of about five minutes successively on
for tracking the equipment in flight by a three frequencies in the band 6 to 18 MHz, to
network of radio direction-finding stations, give both day and night coverage at various
and means for the transmission of telemetered distances. Flight altitude was maintained at
meteorological data from sensors on the flight 30,000 - 1000 feet through the use of air-
equipment (1952). NRil's Transosonde system pressure sensors which controlled the release
provided an important pioneering step in of solid iron shot ballast from a bin in the
advancing means to deal with large-scale gondola. The gondola was maintained within
weather patterns. Worldwide interest in the acceptable temperature range through suitable
use of the system prevails. In one effort, thermal insulation. The equipment weighed a
horizontal balloon flights, patterned on NRL's total of approximately 600 pounds, with five
system, are currently being made in the region cubic feet of instrumentation volume.
of the southern hemisphere by the National The Transosonde system went into operational
Center for Atmospheric Research at Boulder, status during the period June 1957 to May 1959,
Colorado, to collect data in the conduct of with a total of approximately 250 flights from
advanced meteorological investigations.'ss Japan. Most of these flights were successful

In operations, with the Transosonde system, and passed over the Pacific Ocean and parts of
the equipment was floated across inaccessible the North American continent, some reaching
ocean areas on a constant-pressure surface in the Arctic area. Up to 18 radio direction-finding
the upper air currents, periodically reporting stations located in the United States (two in
the data. Wind speed and direction were derived Alaska, one in Hawaii) made the radio bearing
from the positioning data obtained by the track. observations and recorded the data. The data
ing network. Other meteorological parameters collected were utilized by both the Navy and the
were telemetered to the ground stations as code U.S. Weather Bureau in the preparation of
modulations of the radio signals. The feasibility weather maps regularly issued. The data collected
of this system was first demonstrated in a series over the period were subjected to extensive
of ten transcontinental flights from Tillamook, analysis and has served to provide a substantial
Oregon (1952).1" These flights, made at a 300- gain in the understanding of large-scale upper-
millibar constant-pressure level (approximately air circulation1 S

30,000 feet), ranged up to 130 hours in duration To avoid the hazard which the weight and size
and 7000 miles in distance. Experience with of this Transosonde equipment might impose if
these flights and others,'6 with modifications of collision with aircraft occurred, equipment
the equipment, served to guide NRL's develop- flights were made at 30,000 feet, an altitude
ment of a system which attained operational status above the normal aircraft flight lanes at that
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75514 ( 1 ) -~-. - 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 (1912), 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 50-watt, crystal-controlled, high-frequency transmitter, battery power supply, and meteorological sensing
devices.
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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 aircraft flying at in- each of three minutes duration. Ambient pres-
creasingly higher altitudes led to the develop- sure, ambient air temperature, and balloon
ment of equipment of greatly reduced weight and super-pressure were monitored. The develop-
size which could be used in regular aircraft ment of plastic material (Mylar), used for the
flight lanes without causing serious' injury if balloon surface, having sufficient strength to
hit.t16 The equipment evolved consisted of a withstand the stresses involved in the use of a
spherical plastic balloon (12.5 feet diameter, fully pressurized container, permitted the main-
weight about 20 pounds) and two thermally tenance of the proper flight altitude without the
insulated, plastic-enclosed instrument packages shot-ballast system required with the earlier
(weight six pounds each) hung below the balloon, open-appendix (nonpressurized) balloon. A series
with considerable space between them. The of 50 experimental flights with this lighter weight
radio transmitter provided an output of about Transosonde equipment were carried out over
30 watts on two frequencies (approximately the Atlantic Ocean, with launchings from
6.7 and 15 MHz) for 50 transmission periods, Webster Field, Maryland. A high percentage of
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UGHTWEIGHT 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.

these flights were successful (1959-1961). To for short-range communication, experiments at
avoid invading airspace over the European frequencies as high as 300 MHz using vacuum-
continent, the flight duration was restricted to a tube transmitters and receivers were carried out
maximum of 100 hours (four days). These flights by NRL staff members prior to moving to NRL's
demonstrated that when properly utilized, this present site (1922).170 The techniques then
equipment offers a low-cost, reliable means of available for power generation, frequency con-
meteorological data collection for extended trol, modulation, and reception limited the per-
periods over large areas of the world. formance of the system, which was not sufficiently

attractive for Naval operational application. In
continuing the exploratory work at NRL, the

COMMUNICATION IN THE upper-frequency limits of the ionosphere were
VERY-HIGH AND ULTRA-HIGH probed to determine the extent of its effective-
FREQUENCY BANDS ness in providing long-distance communication

Introduction (1923-1936).11,17117S It was found that, while
at times some energy was returned to earth at

In exploring the utility of the frequencies frequencies as high as 60 MHz, transmission
above the high-frequency band (2 to 30 MHz) generally became very erratic and difficult to
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THE NAVYS FIRST VERY.INIGHFRQUENCV 
RADIO

SYSTM - HE MDELSCOMMUNICATION
O peritiliSYSTus Of ThiE M O D EU~j e X P-X J (1929)

eA o n l us of t i R - e l p j system O n sev e al b attle sh ip s and aircraft ca re r
An na submAtine- convinced the Navy Of bhe utility Of the V l adfrlmr dr nXlPtransmir sin Tjhe system covered a frequency ra~ge of 14 to) 5 MH. The MOdelw ans ite s ho n a the top, and the M odel X J.2 receiver is at the bo tom .th e ev e
' he firt to) emPloy shielded grid tubes, which~ made possible exclent a rpfciver~radio frequencies

5 The unt in the lower left Cornler of the transmer ite tmperacturcimtrol 1componen,. which contains eight quartz crystals for req e aotrl
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predict above 25 to 30 MHz. Observations made pared with the previously used triode tubes with
during a considerable portion of the li -year "balanced" circuitry, which gave relatively
sunspot cycle indicated that sunspot activity little gain. Even for the high-frequency band, it
had at times marked influence on propagation, was the first receiver to provide circuit stability
particularly in the band 20 to 40 MHz. and freedom from circuit reaction, microphonics,

and erratic control equal to that which had been
Very.High.FRequency Bend (VHF) attained in lower frequency receivers. The fre-

After the Navy adopte high frequencies, it quency range of reception was extended further
surrendered to other interests eager to obtain upward with the development of a superregenera-
them some of its lower frequency communica- tive receiver, designated the Model XV (1932).
tion channels not so well adapted to shipboard While these equipments were primarily intended
installation because of the large amount of to provide operational experience above the
space that the equipment occupied. The higher high-frequency band, the overlapping portion
frequencies appeared to offer many additional of the range was useful in acquiring additional
channels as needed. The Navy had become propagation data in this band.
interested in knowing when it was safe to use Major radio commercial manufacturers had
these higher frequencies for limited-range com- been approached on the development of the
munication, without fear of being intercepted by Model XP, but they stated that they had so little
a distant enemy. NRILs results had indicated experience in the field that they preferred not
that if the return of energy from the ionosphere to undertake the work. Consequently, NRL con-
to earth during all phases of the sunspot cycle structed a number of transmitting and receiving
were to be avoided, it would be necessary to equipments which were installed on the USS
use frequencies above 60 MHz. On some occa- CALIFORNIA (Dec. 1929), TEXAS, PENNSYL-
sions it had been possible to use very low power VANIA, ARIZONA, DETROIT, and HOL-
on 40 MHz for transcontinental transmissions. LAND, and the aircraft carriers USS SARATO-
On the other hand, there were times when fre. GA, WEST VIRGINIA, and LEXINGTON.
quencies as low as 25 MHz were not transmitted Since it was desired to use voice communica-
beyond line-of.sight paths. To obtain additional tion with aircraft, the carriers were provided
propagation data, particularly over all sea- with voice modulation units."WITs These equip-
water paths, and to provide the Navy with ments were used on ship-ship and ship-shore
operational experience, NRL developed the circuits over a period including World War il
Navy's first very-high-frequency (VHF) com- and resulted in the collection of valuable propaga-
munication system (1929).17 3 4l The opera- tion data. The results led to the quantity procure.
tional ue of this system convinced the Navy ment of the VHF equipment known as the Model
of the utility of the VHF band for limited- TBS, including both transmitter (40 watts, 60 to 80
range communication in the Fleet07' This MHz) and receiver (1938).177 These equip-
system comprised the Model XP transmitter, ments, installed on all the larger Navy ships and
later XP-l, 2, 3 (500 watts, 14 to 75 MHz) and on many of the smaller ones, served as an out-
the Models XJ-I and XJ-2 (4 to 50 MHz) and standing intership communication system during
Model XV (42 to 100 MHz) receivers. The World War 11, doing its part in the carrying out
transmitter, designed for continuous-wave of tasks such as amphibious landings and convoy
operation, was crystal controlled with three duty.t The system remained in service for over
stages of amplification which were also used for a decade after the war.
frequency multiplication. The Model XJ receiver The prospect of a large increase in the number
was first to employ "shielded-grid" vacuum of Naval fighter aircraft operating from carriers,
tubes and first to provide substantial radio- the comparatively short range of operation of
frequency amplification above 8 MHz, as com- such craft, and the relatively high altitude at
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which they flew were strong points in favor of the the first aircraft-communication equipment to

use of the VHF band for air-ship and air-air com- be powered by a generator driven directly by
munications. The higher flying speeds of new the aircraft engine, without the use of batteries
aircraft required the abandonment of the long as was formerly the case. The Model GL equip-
trailing wire and the large fixed-wire antennas ment was reproduced in quantity and sent to
to reduce drag. The short antenna which radiated the Fleet for service use.
efficiently in the VHF band could be stream- Naval aviation interests wished to proceed
lined, materially increasing the speed and to still higher frequencies for airborne com-
maneuverability of the aircraft. As a step toward munications. NIL had succeeded in developing
realizing these advantages, NRL developed transmission, reception, and radiation techniques

the Navy's first very-high-frequency (VHF) with suitable frequency control at frequencies
aircraft communication system, Model GL, up to 200 MHz.180 As a result, the Laboratory
1 watt, 52 to 60 MHz (19 3 1).llk17i7LI A pre- provided technical information and guidance to
liminary model of the system (Model XT) was contractors in procurement of the Model AN/
developed (1930) using modulated continuous ARC-I transceiver for aircraft installation (ten
waves which required keying. Aircraft pilots watts, ten channels, 115 to 156 MHz).1 31 ,1'2 This

obiected to the additional burden of keying, equipment, the first of its kind, became available
so the system was modified to include voice in May 1943 and was the principal equipment
modulation. The Model GL equipment was also used by the Navy and other services for aircraft

,,W

60834 (H-1)

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 wo designated the Model GL.
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4

AIRCRAFT COMMUNICATION TRANSCEIVER, MODEL ANIARC-I

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 11. More than The Ultra-High-Frequency Band (UHF)

70,000 equipments were produced by the end Introduction
of the war. Many of these continued in use long
after the war, until equipment in the ultra-high- The allocation of frequency channels between
frequency band became available in adequate 30 and 300 MHz was first considered by the
quantities. For the ship and shore terminals of nations of the world at the International Tele-
the system, the Laboratory developed the first communications Conference held in Cairo,
VHF shipborne operational receiver, Model Egypt in 1938, with representatives of seventy
RCK, 115 to 156 MHz, superheterodyne (1943), nations participating.16 The channel require-
of which 3000 were procured." The Laboratory ments for aircraft and television were given
also guided contractors in the procurement of the particular attention. Television proponents
transmitter, Model TDQ,45 watts, 115 to 156 MHz were seeking channels in the VHF band already
(1943).184 Certain portions of the very-high- occupied by the Navy. The Navy, having
frequency band were found to be very attractive for equipped itself for tactical communications in
a variety of amphibious and short-range, land-based this band, was in no position to relinquish it,
operations. particularly with war imminent. During the war,
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in preparation for postwar planning. the Navy was to become the ultra-high-frequency
conducted a study of its requirements for am- band.11 "'15  The eaersy-collcro lons juiet-
phibious operations (Project Overlord) and ent in the shorter antenna which had to he used
determined that it needed many more frequency at UHF as compared to VHF had to he ove.-
channels than the VHF band could accom- come by increased transmitter power and re-
modate. ceiver sensitivity; nevertheless the inducement

of many more channels at UHF was strong.
UHF Equipment NRL developed the Navy's first shipboard

UHF communication system operating on
NRL had continued its progression to the frequencies as high as 500 MHz (15 watts)

higher frequencies, devising means of power (1936). T1his system, was first installed on the
generation, frequency determination and con- USS LEARY for operational trials (1937). The
trol, amplification, and selectivity in what latter system was installed on Naval aircraft for the

SHIP BRIDGE-TO-BRIDGE RADIO COMMUNICATION

During the Fleet's cruise in southern waters early in 19311, NRL conducted experiments to determine the feasibility of using
VHF and SHF for bridgte-ro-bridne communication between Naval ships. NR1:s 500.MHz communication equipment is shown
iust 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 NRLs% I00.MHz communication equipment. Results indicated that satisfactory communica-
tion could be obtained out to a range of about 25 percent beyond the horizon. The work wa followed by development and
production of communication equipment in the 200-MHz band.
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first time, giving maatoy commouncaton in early experimental fony, later was designated
over a range o 25 miles from plane to ound the Model AN/ARC-19 (transceiver, 4 watts, 225
(1937). NRL's work demostrated the feds- to 400 MHz). The communication channels (876,
biUy of utilizing the UHF band for Naval with a spacing of 200 kHz) were provided through
omm .n s. The UHF bid received cani the use of a unique frequency-control technique

erble emphasis by the United States and italies employing only seven crystals arranged in various
s de principal frequency band for tactical cor- combinations to control the output channel frquen-
munications. Efforts were then directed to a ship cies. This equipment was the forerunner of the
bridge-to-bridge system. The performance of this Model AN/ARC-27, which provided 1750 channels
system was demonstrated over a circuit between spaced 100 kHz apart1m Coordination with the
NRL and the Navy Department building (Dec. Air Force for its requirements, the advent of
1937). Three 500-MHz equipments were produced the Korean conflict, and production difficulties
and utilized in operational trials in the Fleet (early delayed the availability of the AN/ARC-27
1938). An airborne system was developed which until 1951, when it was produced to the extent
provided communication between air and ground of 125,000 equipments for the Navy and Air
at ranges in excess of 100 miles (10 watts, 300 to Force, and for foreign allies. A counterpart of
360 MHz) (1940).Tw this equipment, the Model AN/GRC-27, for ship

In the Navy's consideration of the frequency and shore installations was also produced in
limits to be established for a new, higher fre- considerable quantities (about 10,000 made).
quency communication band, NRL urged that A considerable number of ARC-27 and GRC-27
channels around 200 MHz be reserved for search equipments were procured and saw operational use
radar, since this frequency was very effective for many years.
for long-distance aircraft detection. This con- NRL developed the Navy's first shipboard
sideration set the lower limit of the new fre- communication receiver for the UHF band
quency band. The Navy then decided upon the (Model XCS) (1944)."8 The Laboratory also
225 to 400 MHz frequency range for the new provided technical information and guidance to
UHF communication band and proceeded to the contractors in procurement of the receivers.
obtain the concurrence of the Interdepart- Since the contractor for the transmitters was
mental Radio Advisory Committee (IRAC) in required to produce them in quantity in an
allocating this band for tactical communications. extremely short time, NRL was afforded little
The Navy's proposal was agreed to by IRAC, which opportunity to avoid the many deficiencies of
included representatives of the Army and other the product which had to be corrected later. A
departments of the government concerned (1944). considerable number of these equipments were
Thus, the UHF band was established. In support of procured by both the Navy and the Air Force.
its interests the Army demanded a share of the They were designated the Model RDZ (receiver,
band and was assigned every other frequency chan- superheterodyne, ten channel, 225 to 400 MHz)
nel in the band. This assignment was shared subse- and Model TDZ (transmitter, 30 watt, ten chan-
quently with the Air Force when that service was nel, 225 to 400 MHz). When using these equip-
established. ments, in close proximity aboard ship in the

To meet the new requirements for Naval numbers required for tactical communication
aircraft, NRL developed the first aircraft circuits, considerable mutual interference was
communication equipment providing a large encountered. In an extensive investigation of
number of quickly selectable, specific, and the performance of the contractor's product on
precise frequency channels covering the UHF 100 primary Navy channels, involving some
band(1944).WEquipmentofthiskindwasexten. 40,000 measurements, NRL found that only a
sively used throughout the military establish- small fraction of the possible number of channels
ment. NRL's equipment, known as the Model XCU were clear of interference and suitable for ship-

101

L IL

.. ............ .. o.



RADIO COMMUNICATION

TUMIllTTI-RMIEVER UNIT

JAKO 60834(1322)

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 (225-4() MHz) when procured.

board service.189 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 crystalIm 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 times, 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 SHIP1BOARD 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 theexperi-
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 having a physically stable antenna, as compared
waswidelyusedinmodernNavyUHFcommuni- with most Naval circuits, involving mobility
cation equipment (1947).11 Its use in the manu- of both terminals. When the UHF band was
facture of crystals also makes certain that the chan- established for military tactical communica-
nel frequency will be precise when used in opera- tions, and after the Navy's development of the
tional equipment. The circuit uses third and fifth TDZIIDZ UHF equipment using amplitude
overmode crystals (originally type CR-9) and pro- modulation was underway, the British raised
vides directly generated oscillations at frequencies vigorous objection to the use of AM, claiming
up to 150 MHz. At resonant frequencies the crystal that frequency modulation was superior. Their
provides a low-impedance path between the cath- concern was directed to the use of a common
odes of two oscillator tubes. The inductance of the UHF communication system in future joint
crystal connecting leads is neutralized by a series operations. To settle the matter, NRL conducted
inductance. The crystal holder and stray circuit the first comprehensive investigation under-
capacitances are neutralized by an inductance in taken to determine the relative merits of
parallel with the crystal. This NRL crystal amplitude modulation and frequency modula-
oscillator circuit and other NRIL-devised tech- tion in a UHF system as used in mobile Naval
niques were used in the Model AN/TED UHF operations (1946-1947).12 The results of the
transmitter (over 3000 transmitters procured, investigation proved the superiority of ampli-
beginning in 1947), in the Models AN/URR-13 tude modulation. This type of modulation was
(1950-1954) and AN/URR-35 (1960) UHF re- adopted by the Navy for its UHF tactical-com-
ceivers (total procurement over 2000 receivers), munication equipment.
and in the Models AN/URC-9 (procurement Representatives of the British Admiralty
begun 1951), AN/SRC-20, 100 watts, combined Signal Establishment, the Royal Aircraft Estab-
with AN/URC-9 (procurement begun 1961), lishment, and the Ministry of Supply participated
and AN/SRC-21, 20 watts (procurement begun in the investigation. A comprehensive theoretical
1962) UHF transceivers (total procurement study was conducted to establish criteria of ideal
over 2500 transceivers). Some of these models saw performance and to derive equations for corn-
extensive service throughout the Navy, Air Force, puting theoretical limits. Data were taken in
and Army as communications components. the Laboratory on systems using lossy lines and

attenuators for simulated propagation paths.
Data were also taken at sea using TDZ/IRDZ
equipment installations on the USS ADIRON-

Amplitude Modulation vs DACK (E-AGC-15), the USS PEREGRINE and
Frequency Modulation in the USS LST 506, furnished by the Navy's
UHF Communication Systems operational development force. Data were also

For many years the Navy had used amplitude obtained using AN/ARC-13 UHF communica-
modulation (AM) in its radio voice communica- tion equipment installed in Navy type R4D-5
tion systems, which it considered superior to aircraft. The UHF communication equipments
other modes of modulation for mobile service. were modified to facilitate change between AM
Frequency modulation (FM) had been used by and FM modulation modes and to insure equi-
public radio broadcasting systems, particularly valency. Performance measurements and observa-
at the higher frequencies, and was considered to tions were made to determine single-signal
provide higher fidelity than amplitude modula- range of communications. The effects of inter-
tion in reproducing music and song. Good results fering signals on the same channel and on
had also been obtained when used in land mobile adjacent channels were studied, as well as the
communication systems with one fixed terminal changes in performance resulting from radar
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interference and noise caused by various elec- range of communication frequencies, different
trical discharges in the vicinity of antennas. The types of modulation, and various ship-air-shore
influence of audio-frequency emphasis was terminal combinations, It provides the presenta-
investigated in laboratory measurements and tion of predicted performance in forms which
also mathematically. Multipath propagation permit determination of the effects of system
was considered. The effect of type of modula- variables. The influence of antenna height,
tion on equipment design factors, such as size antenna-pattern irregularities, transmitter power,
and weight, was examined, receiver sensitivity, output signal merit rating,

The general conclusion reached was that for and other major factors can be assessed directly.
the highly mobile terminal conditions, typical The technique was first applied to the Model
of much of the Naval service, AM is preferable TDZ/RDZ UHF system in determining improve-
to FM. In brief, it was found that the AM signal ments to be made in equipment subsequently
occupied less of the radio spectrum, gave better to be procured. The results obtained through
weak-signal performance (fringe-area reception), the use of the new analysis technique were in
greater freedom from co-channel and adjacent- good agreement with data obtained in actual
channel capture effects, was much more tolerant field performance.
of circuit misalignment and detuning, and easier Radio-frequency spectrum planning was
to adjust and maintain. The FM system provided enhanced when NRL devised a technique for
about 10 dB higher output signal-to-noise ratio analyzing receiver capability for discrimina-
on medium-input signals, was advantageous for tion between desired and undesired signals
"high-fidelity" or wideband low-distortion using log-log selectivity curves associated
reproduction, required less transmitter power with pertinent parameters (1955).194 Through
(but also more complex transmitter and receiver the use of log-log curves in a composite plot,
circuitry), and permitted closer adjacent-channel the interrelations between major channel-
frequency spacing under conditions of strong- frequency factors which must be considered can
signal interference (but with greater signal-to- be presented in a way particularly effective for
noise ratio depression effects). In general, FM system planning purposes, not possible with
is more appropriately considered for systems the use of conventional curves. Thus, receiver
with both terminals geographically fixed. intermodulation, crossmodulation, desensitiza-

At the conclusion of the investigation, the tion, weak-signal selectivity, receiver radia-
British concurred in the superiority of AM over tion, and spurious response limits, as well as
FM in UHF voice communication systems, as transmitter intermodulation and limit of spurious
used in mobile sea operations, and proceeded radiation can all be readily appraised. Such
to use AM equipment in their Naval forces. Tactical determinations as system channel-frequency
voice communications using AM equipment was spacing and transmitter-receiver antenna prox-
widely adopted by the Navy. imity for tolerable levels of cross modulation

are easily made.

CommnicaionSystems Planning
~unictionUHF Antennas

As an aid to future communication system
planning, NRL was first to devise a technique In the VHF band, simple dipole antennas had
of system analysis which enables an opera- sufficient frequency bandwidth to serve accept-
tional planner to determine from critical ably in Navy communication transmitter and
parameters the performance limits of proposed receiver installations. However, in the UHF
radio communication systems in priaical band, the much greater frequency range which
operational terms (1952).?" The technique is had to be covered required the complexity of
not limited to UHF; it can be applied to a wide remote mechanical adjustment of the antenna,
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unless it was inherently broadband. Further- The antenna comprised two opposing cones
more, the multiplexing of several equipments with skirts. Its dimensions were proportioned
on a common antenna made a broadband capa- in accordance with an equation which was de-
bility a necessity. veloped. Television interests had developed

NRL developed the "biconical" antenna, antenna structures which had reasonably flat

the first UHF broadband antenna (225 to 400 frequency performance oi er a 20-percent band-
MHz) to have radiation characteristics satis- width. In comparison, the new "biconicar'

factory for Naval installations (1942).15,19 antenna provided operation over a 56-percent

THE NAVY'S FIRST UHF

BROADBAND ANTENNA (1942)

This antenna. developed by NRL covturcd a

trequency range of 225 to 400 MHz

* j 60834(331)
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bandwidth relative to midband frequency, with of this type were used throughout the Fleet;
less than 9-percent reflection when fed by a modern carriers require multicoupler ac-
standard transmission line. Widespread interest commodation for over 30 UHF communica-
developed in this antenna. Information on its tion equipments. The system incorporated a
design was promptly given the several contrac- newly devised transmission line-series coupl-
tors engaged in providing the Navy with UHF ing technique, previously referred to under
equipment. To accelerate the availability of the "High-Frequency Antenna Multiplexing," al-
antenna for Fleet usc, NRL had 30 units con- though it was first applied at UHF. In this
structed by a local contractor patterned after technique the equipments are coupled to the
NRL's model. inner conductor of a concentric transmission

line through a series of small openings along
Directive Antenna System its outer conductor. The coupling element for

each equipment is an adjustable quarter-wave
At UHF, the use of directive or beam antennas rod placed parallel with the inner conductor

of a size which can be accommodated aboard ship of the line at each opening. In this system, with
can provide substantial improvement in com- equipments separated by 6 percent in frequency,
munication system performance. A directive a 25-dB isolation was obtained with an insertion
antenna system also offers greater security in com- loss of 0.8 dB. The NRL antenna multicoupler
munication from enemy interception, direction was procured (as Model CU255/UR) in large
finding, and jamming. However, the directive numbers and installed on ships throughout the
antennas must be mutually aligned at the respec- Fleet, some remaining in service for many years.
tive terminals and held in alignment regardless This multicoupler was the forerunner of a series
of the movements of the individual ships. NRL of models based on the same concept. A quickdeveloped theed first automaticptmutually
developed the first automatic, mutually frequency shift was one improvement in this series
afigning, directive communication UHF of equipment.
antenna system (1949). 1 7 This system was
first demonstrated on the Naval Patrol Craft, Tropospheric Scatter Communication
USS E-PCS-1425 (1949). It was also installed
on a destroyer, where considerable increase in In the early exploration of the VHF and UHF
range at UHF was obtained, giving beyond-the- bands, it was observed that energy at these fre-
horizon performance. A 26-dB system improve- quencies could be propagated to distances
ment was obtained, substantially beyond the optical horizon by

means other than ionospheric refractions. A

UHF Antenna Multiplexing bending or refraction of the energy path in the
lower atmospheric level appeared to be taking

The limited number of UHF antennas with place. The associated phenomena came to be
satisfactory radiation performance which can known as tropospheric scatter propagation. NRL
be accommodated aboard ship and the large carried out the first investigation to deter-
number of channels required on ships, such as mine the relative effects of temperature, water
command ships and carriers, for tactical com- vapor, air pressure, and ionization gradients
munications, make imperative the operation in the atmosphere in influencing bending of
of several transmitting or receiving equipments the energy path in the tropospheric-scatter
on a common antenna. NRL was first to devise mode of propagation (1935).1" The Labora-
an antenna multicoupler system which pro- tory concluded that the temperature gradient
vided satisfactory operation of up to six com- was principally responsible for the bending.
munication transmitters or receivers on a Subsequently, other causes were proposed, but
common antenna (1946).198 Multicouplers 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.

75779 (2)
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question."3 Propagation was observed to dis- circuits were set up between Round Hill Point
tances as great as 168 miles as early as 1932.2" and Washington, D.C., and conversations were

One of the first radars (200 MHz), newly installed held between NRL and USS ACHERNAR. The
at Pearl Harbor aboard the USS YORKTOWN, ship used a 17-foot steerable paraboloid (Model
displayed echoes from the coastal mountains of SK-3 radar) antenna centered 95 feet above the
California at a range of 450 miles as the carrier water level and a 150-watt (AN/TRC-24) trans-
was cruising to San Diego (1940).20 Operators mitter. A 10-kW transmitter and a 28-foot
on ships equipped with CXAM radars were able paraboloid antenna were used at the Round Hill
to communicate over distances of 200 miles and site. To determine the influence of winter condi-
more by keying the range-change buttons of the tions on tropospheric propagation, observations
radars when the antennas were pointed at each were made on transmissions (412 MHz) from
other. NRL had observed that the very long the Round Hill site aboard the USS THUBAN
propagation ranges were due to the presence of (AKA-19) during February 1956. With the 17-
certain meteorological conditions which con- foot paraboloid antenna aboard ship and a maxi-
served the transmitted energy by confining it mum transmitter power of 40 kW feeding a 60-
to low-altitude paths over the surface of the sea, foot paraboloid antenna at the Round Hill site,
later called "ducts." The nature of these ducts transmissions were detectable out to a distance
was investigated relative to proximate meteo- of 630 nautical miles. Periodic transmission with
rological structures in both the Atlantic and voice and music modulation were received with
Pacific Ocean areas (1945).20 The ducts were excellent quality out to a distance of 300 miles
found to be capable of supporting 200 to 500 (10 kW) and to 400 miles (40 kW). Further data
MHz signals to ranges of 1000 miles with mete- were collected at a much higher frequency in
orological predictability. These and similar an effort to determine if the anternas could be
results gave promise of the value of this mode made much smaller and more compatible with
of propagation for Naval communications. shipboard installation. Transmissions (10 kW,

NRL conducted the first investigation of 7760 MHz, X-band) were observed over a 45-
surface-to-surface tropospheric-scatter propa- nautical-mile path from Wallops Island, Vir-
gation over all seawater paths under various ginia to Lewes, Delaware (1967) and over a
easonal and meterological conditions to 73-nautical-mile path to Dam Neck, Virginia

determine its utility for Naval communica- (1968-1969). An 8-foot parabolic antenna was
tions (1954-1969). ° ' Data were first collected used at the transmitter and an omnidirectional
over a I 30-mile path extending southward over antenna at the receiver.
water from the Laboratory's Chesapeake Bay The results of NRL's work indicated that with
site (1953-1954). Field strength was recorded sufficient transmitter power (10 kW) and high-
on transmissions (200 kHz) from the Laboratory's gain antennas, tropospheric scatter communica-
site at selected points ashore and on board a tion circuits can provide satisfactory operation
Naval vessel. Similar data collection took place out to a distance of about 200 miles over sea-
aboard the USS ACHERNAR (AKA-53) on water paths. Naval installations which can ac-
transmissions from Round Hill Point, Massa- commodate the large antennas required are
chusetts (385 MHz) and Situate, Massachusetts limited. The presence of "ducting," more
(220 MHz) over 400-mile paths extending from prevalent in summer than in winter, provides
these points under summer conditions (July considerable increase in the received signal
1955). During this work NRL demonstrated strength. When ducting is absent, the attenuation
ship-shore, two-way, voice communication over the path is approximately 0.18 dB per
with the tropospheric mode of propagation nautical mile. The received signal level is sub-
for the first time out to a distance of 250 ject to fluctuations up to 13 dB at various rates
miles (July 1955). Commercial telephone and with a Rayleigh probability distribution.
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60834 (370)

THE FIRST SHIP-TO.SHORE TROPOSPHERIC COMMUNICATION

In the first demonstration ot the feasibi lity of ship-to-shore tropospheric communication, NRL equipped

two ships.the ITSS A( HERNAR aind the tTSSTHUiBAN (shown above), with I" foot pAraixolk antennas

and instrumentation. In this wo~rk. the fir-st ship-to-shore, two-way, voice tommunication using the

tropospheric Mode of Propagation out to a distance of 250( miles wacs demnonstrated (15)
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The difference in performance between a UHF NRL developed the first sono-radio buoy
system and an X-band system using smaller for the protection of advanced bases, harbors,
antennas was due essentially to the propor- and ships at anchor against attack by enemy
tionately smaller amount of energy intercepted submarines (1941).17"2 The sono-radio buoy
by the smaller area of the X-band antenna. The designated the Model JM was procured in large
use of a vertical dipole receiving antenna, to numbers and used very effectively during World
obtain omnidirectional performance and thus War II and for special purposes thereafter. An
avoid the need for antenna alignment, involves installation of the Model JM was sighted in the
a similar loss. However, this loss can be partially Bosphorus as late as 1960. This sono-radio buoy
offset by gain up to 13 dB obtainable with an development was the beginning of a series of
antenna having a suitable vertical pattern. Rain models based on the original concept. Sono-
was found to have greater adverse influence on radio buoys were generally employed throughout
propagation at the X-band frequency than at the the Navy. NRL's early buoy was barrel shaped,
UHF band. New terminal equipment with new normally anchored, and contained a battery-
modulation, diversity, and other techniques com- operated radio transmitter with a vertical antenna
pensate for this loss and extend the utility of tropo- extending above. A hydrophone supported by the
spheric scatter systems for Naval applications by buoy picked up underwater sounds, which modu-
permitting the use of smaller antennas. lated the transmitter. The radio transmissions

The Navy has used tropospheric scatter cir- from a number of buoys were monitored at remote
cuits (UHF) very successfully for two-way com- observation points (receiver Model REN). The
munication between its National Emergency buoy was modified to obtain better stability in very
Command Post Afloat (NECPA) ships and coastal heavy seas through the design of a boat-type body.
stations over distances of 50 to 200 nautical NRL developed the first aircraft-launched
miles (1961-1969). A chain of shore stations ASW sono-radio buoy for detecting and
provided continuous contact along the coast attacking submerged enemy submarines
from Maine to Florida. NRL provided the ships (19 43 ).17 sd,2" This air-launched sono-radio buoy
involved in carrying out this function, the USS was the predecessor of a series of models. During
NORTHAMPTON and the USS WRIGHT, with World War II the procurement of this air-
multi-helix type, directive steerable antennas launched buoy reached 150,000 units. The success
for the system. of the campaign against German submarines can

be attributed to a considerable extent to its exten-
Radio Buoys sive use by the Navy and by the British. It was

used effectively against Japanese submarines in
The Laboratory has conceived and developed the Pacific. It has also been used successfully in

several types of radio buoys capable of transmis- air-sea rescue work, being issued as primary equip-
sion and reception to serve various Naval ment for life rafts. The initial buoy, considered
functions. The towable radio communication expendable, was designated the Model AN/CRT. A
buoy, releasable and retrievable by submerged parachute limited the rate of descent of the buoy,
submarines, has already been mentioned. NRL has which, when it became seaborne, transmitted to the
also provided it with a UHF transmission and recep- aircraft sounds picked up by its underwater hydro-
tion capability for submerged "hunter-killer" ASW phone. Means were provided for correlating the
submarines for use in the coordination of Naval rotation of the directional hydrophone with com-
forces in attacking enemy submarines (1957).15 pass bearings so that the direction of the emitted
The UHF feature was first demonstrated on the sounds could be determined aboard the aircraft.
submarine USS BLENNY, with satisfactory com- Several buoys could be monitored aboard the air-
munication established from ship to ship and ship craft to determine the point of attack (receiver
to air (1957). Model AM/ARR-16). Provision was also made for
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60834 (334)

6084 (371) THlE FIRST AIRCRAFT-LAUNCHED

ASY SONO-RADIO BUOY
THE FIRST SONO-RADIO BUOY

This buoy was developed by NIL for de-
NRL developed rhis buoy for the protection of advanced tecting submerged enemy submarines and
bases, harbors, and ships at anchor against attack by enemy aiding in their attack (1943). It was des-
submnarines (1941). Ii was designated the Model JM. ignated the Model AN/CRT.
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determining the location of the buoy by airborne homing on the buoy transmissions with radio direc-
radar through the use of a beacon mounted on the tion finders. The buoy comprises a battery-
buoy. Later, the frequency of the radio transmitter operated, crystal-controlled transmitter and an auto-
was changed to the upper part of the VHF band. matic keyer which upon surfacing continually repeats

NRL developed the first submarine-rescue in international code the message "SOS SUB
radio buoy releasable by a submerged s.sb- SUNK SOS" on the fixed emergency distress fre-
marine in distress to alert and guide rescue quency. The original version, the Model XDM, was
forces by means of radio transmissions followed by Model T-347/SRT and Model T-616/
(1947).w 7 This submarine-rescue radio buoy was SRT (1957). The buoy (three inches in diameter, 40
approved by the Navy's Operational Develop- inches long) was launched from the submarine's
ment, Test and Evaluation Force and saw wide signal-flare-ejector tube. The antenna was a tapered
general service. The search area is localized by metal strip which was folded down during ejection

ANTENNA MATCHING
NETWORK INSIDE RED-ORANGE BATTERY
TOP CAP FLUORESCENT COMPARTMENT

S PAINT
ANTENNA TRANSMITTER DESICCANT
WHITP IS COMPARTMENT CONTAINER

LINE POE
' SUPPL 'VENT-TRANSMITTER SECTION PLUGSECTION WRENCH

CODE WHEEL
AND MOTOR BULKHEAD
SECTION

60834 (372)

THE FIRST SUBMARINIE-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)l
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and sprang erect as it reached the surface. The and radar objectives. Progress in radar had by
battery capacity was adequate to continue the mess- then aroused great Naval interest, and this work
age transmissions for 14 hours. The SOS signals was given high priority, resulting in retardation
can be received at ranges out to the horizon by of activity for the developmental activity in
surface vessels and to a distance of 90 miles by communication. Furthermore, components in
aircraft flying at an altitude of at least 10,000 feet. the VHF band were much further advanced,

and emphasis was given to developments in this
band to provide for short-range communications

COMMUNICATION AT SUPER-HIGH in case war should occur.
FREQUENCIES

Millimeter Waves
Introduction Toward the end of World War II, to obtain

The frequencies above the UHF band at an important security feature, attention was
various times since the Laboratory's inception directed to the development of a communica-
have been referred to as "micro-rays," *"centi- tion system in the frequency band (5.4 mm,
meter waves,' "microwaves,' "millimeter waves," 55,500 MHz) where high absorption, due to the
and "super-high frequencies." While it was presence of oxygen in the atmosphere, would
recognized early that transmission at these limit the range of propagation (1945). Also,
frequencies was limited in range to the line of when space is limited, the very small antennas
sight, nevertheless, the possibility of confining required in this frequency band would make
the energy to a very tight beam with small possible new operational applications. The
directional antennas made them attractive for Laboratory proceeded to devise circuit com-
short-range communication, particularly from ponents such as power generators, wave guides,
the viewpoint of security. They appeared to offer and resonant circuits which for this frequency
important operational advantages over the band were at that time nonexistent. Transmitting,
Navy's light-blinker system. NRL began its explora- receiving, and measurement equipment was
tion of these frequencies in 1933, directing its atten- developed and used in propagation investigations
tion to components. Particular attention was given (1945-1970).210 Equipment was developed to the
to adequate transmitter power sources, which had stage at which an operational system was made
always been a major impediment to progress to available and demonstrated (1958). Both shipboard
higher frequencies. 2 0 8 Magnetron tubes and airborne aspects were given consideration. The
were constructed for oscillation in the range 7 to 40 high cost of the highly precise components used at
centimeters (4285 to 750 MHz) and were used in that time was a deterrent to operational deploy-
experimental systems (1934-1937). Good-quality ment. Subsequently, a major reduction in cost was
voice communication was obtained over short tanges possible when suitable solid-state and traveling-
(19;4). A ten-centimeter, 3000-MHz system using wave-tube components became available. Opera-
40-inch parabolic reflector antennas was developed tional applications were then feasible and effective.

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 Satellite Communication
(NRL to Fort Washington, Maryland) were demon-
strated.17UNO It was fortunate that the super-high-frequency

Up to this time the super-high-frequency channels remained relatively unoccupied and
development work had had both communication that it became feasible to place satellites in
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orbit at a time when the high-frequency band, world's largest parabolic antenna (1951), the
which carries the great bulk of the long-distance size of which was not exceeded until the 250-
communication load, had reached a state of near foot Jodrell Bank, England, antenna became
saturation, and when there was continued need available (1957).2 The reflector of the NRL
to increase the longer range command and con- antenna (area 1.1 acres) was formed in the earth's
trol communication capacity. Super-high fre- surface at the Laboratory's site at Stump Neck,
quencies, capable of penetrating the earth's Maryland, as an off-center section of a parabola
atmosphere with negligible loss, used in high- of revolution having an elliptical aperture 220
altitude relay satellites could provide solid, by 263 feet respectively along the minor and
long-distance coverage of large world areas major axes. A horn-type antenna feed mounted
notwithstanding their line-of-sight propagation on a movable boom had steering capability
limitation. Also, the use of these frequencies which allowed the beam to be held on celestial
would make available a very large increase in targets for a period of about one hour. With the
the number of communication channels free of aid of this antenna and a transmitter providing
the ionospheric propagation complexities one-megawatt, 198-MHz, 12-microsecond pulses,
encountered in high-frequency-band transmis- NRL was first to discover that radio energy
sions. Furthermore, advantage could be taken reflected from the moon was sufficiently

of their very high data-rate capability for new specular to support the transmission of data
modes of communication not previously possible at a rate adequate for effective radio com-
over long distances. munication circuits (21 Oct. 1951).22 To

Since its early days, the Laboratory has held provide data on which to base the design of

a continuing interest in extraterrestrial radio satellite-communication systems, determinations
phenomena. In connection with the conduct of were made of the overall attenuation of the moon
its original high-frequency-propagation work, circuit, the scatter loss in reflection from the
NRL was first to determine the frequency moon's surface, and the attenuation due to the
above which radio waves would penetrate the gaseous content of the atmosphere and inter-
earth's atmosphere and propagate through vening space. In conducting experiments using
outer space, making interplanetary radio corn- the large antenna for both transmission and
munication possible (1926)."ie The Labora- reception, NRL was first to transmit the human
tory was first to analyze the conditions for voice through outer space and return from

radio propagation on the planet Mars (1929). 11  the moon (24 July 1954).21 A 100-watt, 220-
Encouraged by the results of its experiments to MHz communication transmitter was used. NRL
determine the characteristics of the ionosphere sponsored the development of the first 10-kW
with reflected high-frequency pulses (1925) and klystron amplifier covering the UHF band. with

on "round-the-world" signals, which it observed increased transmitter power, smaller antennas

to pass around the earth as many as three times, could be used. With the use of this amplifier and
NRL made efforts to obtain radio echoes from the the large antenna for transmitting and four I .

moon in 1927 and 1938.37V However, it was not foot Model SK radar parabolic antennas in an

until 1949 that the Laboratory was able posi- integrated assembly for a receiving antenna,

tively to identify signals returned from the moon NRL first demonstrated transcontinental

through the received clutter, satellite communication, from Washington,
D.C. to San Diego, California, at 301 MHz

Early Satellite Communication with an FSK teleprinter (29 Nov. 1955).1
The first official message to be transmitted

To study the characteristics of moon- via a satellite was sent over this circuit. Using
reflected radio energy, NRL constructed the the same equipment, but increasing the number
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THE WORLD'S LARGEST PARABOLIC ANTENNA (1951)

With this A.ntenna. N RI. was fi rst to di sciver that refle~ttons from the moon co ulId be used for commnunic ation (15 NR I. ehi

used the Antennai to transmit the first human voitc signals over a satellite iruit (1954), And with it was first to dtminstrAt

transtioninental And transtsanit coimmunicatio~n by satellite 1 1955) Thty bioim AloVe the pamAb ii. reflettiir whit h is toimmid

in the ground holds the energy collector At the focal poinlt Steering the bvrn of the antenna %%As Accomplished b) moving 11iw

bNiom

of radar antennas to eight for reception, NRL First Operational Satellite
was first to demonstrate transoceanic satellite Communication System
communication, from Washington, D.C. to
Wahiawa, Oahu, Hawaii, 4350 nautical miles Based on NRL's results, the Navy estab-
via great-circle path (23 ]an. 1956).211 Mes- lished the world's first operational satellite
sages were transmitted by teleprinter success- communication system, from Washington, D.C.
fully over the circuit, including one from the to Oahu, Hawaii (1959).211 This CMR
Chief of Naval Operations (ADM A. A. Burke) system was publicly demonstrated on 28 )an.
to the Commander- in-Chief Pacific Fleet 19610, with messages exchanged between the
VAI)M F. B. Stump). The System WAS designated Chief of Naval Operations (ADM A. A. Burke)
(CMR- (ommuni(ation Moon Relay) and the Commander-in-Chief, Pacific Fleet
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VADM H. G. Hopwood). At this time pictures and Opana, Oahu (435.1 MHz), and receiver
facsimile) were transmitted for the first time installations were setup at Cheltenhami, Mary-
over a satellite communication system (Jan. land and Wahiawa, Oahu. Eighty-four-foot-diam-
uary 1960). With NRL's guidance of the contrac- eter steerable parabolic antennas were used for all
tor, 1OO-kW transmitter installations were these inmrallations. The receiving installations
provided at Annapolis, Maryland (445.1 MHz) incorporated an NRL-devised technique which

W5pm

THE WORLDS FIRST OPERATIONAL SATELLITE COMMUNICATION SYSTEM (1959)

BAsed on NRL's work, the Navy established satellite-communicationi terminals at its radio stations near Washington. D C
and in Oahu, Hawaii Shown here is the terminal at its Annapolis, Maryland, station.
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compensated for the fading characteristics inher- of a large antenna on shore could compensate
ent in the moon circuit and made possibly highly for the lesser performance of a smaller antenna,
reliable teleprinter operation. The system was more compatible for shipboard installation.
capable of accommodating 16 teleprinter With short-pulse (two-microsecond) radar equip-
channels at the standard rate of 60 words per ment, NRL was first to make radar contact
minute, but since 16-channel multiplexers were with the moon at frequencies as high as 2860
not available, only four teleprinter channels MHz (24 Feb. 1957), with encouraging re-
were used. This CMR system was intended to suits with respect to communication.216 The
provide backup for high-frequency circuits in Laboratory's 50-foot antenna, for many years
case of blackouts due to ionospheric distur- after its completion in 1951 the world's largest
bances and proved its worth in this respect when and most precise fully steerable parabolic an-
it was first used operationally on 2' Nov. 1959. tenna, was used in making the observations. 16

Io obtain the continuous-wave power required

Ship-Shore Satellite for communication, NRL sponsored the develop-

Communication System ment of the first 10-kW communication trans-
mitter capable of operation at frequencies as

It was considered that a ship-shore CMR high as 2400 MHz (1956). It also sponsored the
satellite communication system could be pro- development of a 60-foot, fully steerable para-
vided through the use of smaller antennas made bolic antenna, the largest in the United States
possible with the employment of super-high at the time, to obtain additional circuit gain
frequencies (microwaves). Furthermore, the use (1956), Its design was used later in the 84-foot
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FIRSI PHOTXRAPH TO HE TRANSMITTED OVER A COMMUNICATION SATELLITE SYSTEM (190)
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FIRST DETERMINATION OF COMMUINICATION QUALITY OF TfIF MOON

CIRCUIT AT MICROWAVES (19')
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NRLS SATELLITE-RESEARCH FACILITY AT STUMP NECK, MARYLAND, THE LARGEST FULLY

STEERABLE PARABOLIC ANTENNA IN THE U.S. (1956)

Iiit Oin gnal satellite xperiments were' k.ared oiut bN NRI."ith this S band fa ilityi wh St has a (i0 toot uilly stecrab k parabotli

inenna hich betamre available in 1) 6 A ith it. NRL dernonstrtud the easibilits ot sh j. to-shore Lomrn un iation iAsatcltI '

tor the hrst time (I (i I-I1962

antenna of the Washington-Hawaii CMR system. which for the first time made possible the high
Reception sensitivity at the super-high fre- reception sensitivity required in satellite-
quencies was seriously limited by the phase communication systems operating at super-
noise generated when the crystal oscillator high frequencies. 17 The new system was in-
standard frequency was multiplied the numerous stalled at NRL's site at Stump Neck, Maryland.
times necessary to produce the heterodyning With it, NRL was first to transmit communica-
frequency. To overcome the limitation in re- tion signals over the moon circuit on a fre-
ceiver sensitivity imposed by frequency con- quency as high as 2290 MHz (11 Apr. 1957).11 s

trol oscillator noise, NRL devised a phase- NRL cooperated with the National Aeronautics
locked, crystal-oscillator-filter technique and Space Administration in observing the
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performance of the ECHO I satellite, a 100-foot- to New Jersey was immediately relayed to
diameter aluminum-coated plastic sphere California (14 Aug. 1960).
launched 12 Aug. 1960. On this occasion, NRL A shipboard CMR system was initiated by
transmitted communication signals over the installing a 16-foot parabolic steerable antenna
circuit using the first man-made passive and receiving equipment on the USS OXFORD
satellite to determine the feasibility of ex- (GTR), with which NRL demonstrated the
tending the operational time of the moon feasibility of shore-to-ship satellite com-
circuit. 219 In a demonstration of this satellite munication for the first time with transmis-
system, the Chief of Naval Research, from his sions from its Stump Neck, Maryland facility
office in Washington, conversed via NRL's (2290 MHz) (15 Dec. 1961).221 Messages
Stump Neck installation with Federal Communi- recognizing the achievement from the Chief
cations Commission members witnessing the of Naval Operations, ADM G.W. Anderson,
demonstration at Holmdel, New Jersey (22 and NRL's Director of Research were trans-
Sept. 1960). A picture of the Commissioners mitted over the circuit. By adding a l-kW
taken while at Holmdel was transmitted over transmitter to the USS OXFORD installation,
the satellite circuit. At the request of the Post NRL demonstrated two-way ship-shore satel-
Office Department, NRL transmitted "space lite communication via the moon circuit for
mail" in the form of a facsimile letter for the the first time while the ship was underway
first time over a satellite communication between Buenos Aires and Rio de Janeiro
circuit (10 Nov. 1960).220 A special stamp was (30 Mar. 1962).221 In response to a message
issued by the Department in commemoration transmitted from the ship, ADM Anderson
of the advent of satellite communication. Two- noted the transmission as "another milestone,"
bounce communication via the satellite was "the first message to be transmitted over a
effected for the first time when an NRL message ship-to-shore moon relay communication

60834 (528)

vt
FIRST "SPACE MAIL" (1960)

At the request of the Post Ofrice m npartm-nt, NRI. transmitted 'spate
mail" for the first time over a satelite communication system 10 Nov
1960). This mail was in the form of a faIsml i letter The stamp shown

here was issued by the post mf(e in (ommemt)ration of the advent of

satellite communicaton The %tarnp shows the satellite E( HO I used
by NRI. in its earth to-sate lite to carth transmission of the first space

mail
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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 on the stern of the ship (see heavy

arrow).

circuit." To increase the system's capability, system was disestablished, and its antennas were

NRL provided multiplexing circuitry which used in the shore installations of the new system,

permitted transmission and reception of two located at Cheltenham, Maryland Wahiawa,
teletype channels simultaneously on a common Hawaii; Okinawa; and Oakhanger, England.
antenna. This was first demonstrated in full two- The system went operational with the USS OX-
way twinplex communication over the moon FORD on 25 Feb. 1964 and was designated
circuit between the USS OXFORD and the "TRSSCOM" (Technical Research Ship Special
CMR installation at the Naval Radio Station, Communications). Other ships added were the
Cheltenham, Maryland, which had been modified 1SS GEORGETOWN (1965), USS JAMES-
for multiplex operation at the higher frequency TOWN (1966), USS LIBERTY (196'), USS

(25 Feb. 1964). BELMONT (1968), and USS VALDEZ 1969).
NRL's results led to the Navy's establishing NRL provided considerable technical assistance

the first operational worldwide satellite in bringing about these installations. The system

communication system, with six ship and four gave very satisfactory performance for the
shore station installations. (1964-1969). The particular mission carried out by these ships.
Navy's lower frequency CMR point-to-point Considerable communication traffic was handled
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from many parts of the world. However, due required to maintain surveillance of the "quiet
to financial retrenchment, the ships were placed zone." In addition to providing initial experience
in reserve status, with the system operations in the digital steering of directive antennas, it
suspended (August-November, 1969). has served in the solution of many problems

associated with the design of larger antennas

NRL Sugar Grove Satellite Communication such as those concerning radio-frequency feed,
Research Facility pointing, and drive. The experience acquired

After investigating many possible sites in the has been utilized by NRL in its design and erec-

United States with respect to adequate sky tion of a 150-foot-diameter antenna at the Sugar

coverage, low radio noise level, and the impact Grove site capable of efficient operation at fre-

meteorological and geophysical characteristics quencies up to 4000 MHz (1966).'2 Its novel
might have on the large antennas it planned to design provides a large aperture with high surface

erect, the Laboratory selected a superior site and pointing precision at low cost. A similar
near Sugar Grove, West Virginia (1955-1956). It 300-foot antenna has been designed by NRL for

formally acquired this site from the Forestry future research. 26

Service of the Department of Agriculture in
June 1961. To preserve its low-noise quality, NRL Waldorf Satellite Communication
NRL brought about the establishment of the Research Facility
National Radio Quiet Zone, encompassing
its Sugar Grove radio research site, the world's In anticipation of the use of frequencies
only area where local sources of radio emis- above 4000 MHz for military satellite corn-
sions are controlled so as not to interfere with munication, NRL provided a new research
observations such as low-level emissions from center facility, called the NRL Waldorf
distant sources in space (1958).222 Control Satellite Communication Facility, which has
procedures, established through agreement with an effective capability at frequencies as
the Federal Communications Commission, high as 20,000 MHz. This facility has a capa-
require that all proposals for radio transmitting bility superior to that of any facility presently
instlillations in the 12,000.square-mile zone be available for performing satellite-communica.

investigated by NRL for possible interference tion experiments (1973). The outstanding
before they are authorized. Through a procedure characteristics of the NRL Waldorf equipment
with the Federal Aeronautics Administration, were recognized by NASA, when that agency
facilities for aircraft which might result in radio requested the Office of Naval Research to
interference are also controlled. The zone in- procure an additional antenna of the type used
cludes the National Radio Astronomy Observa- at Waldorf for its own use. The installation
tory, which takes advantage of the low radio of this equipment at NASA's Wallops Island
noise level in making its radio-astronomy obser- site was completed in 1968. The NRL facility,
vations. For its initial installation at the Sugar completed in 1967, is located on a former Nike
Grove site, NRJL developed the first directive missile sitt r Waldorf, Maryland, acquired
antenna system to be automatically steered from the Army in 1962. It comprises a 60-foot,
in accordance with prearranged recorded parabolic, cassegrainian antenna of the highest
programs with the use of digital computer steering accuracy and flexibility and associated
techniques, making possible the automatic with appropriate equipment. A 25-kW trans-
acquisition and tracking of satellites having mitter, an advanced low-noise receiving system,
known orbits (1958).223 This antenna, a 60-foot and an antenna steering computer with on-line
paraboloid capable of efficient operation at data processing and recording capability pro-
frequencies up to 4000 MHz, has been used for vide excellent instrumentation for satellite
many types of observations, including those 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- in-house effort has also provided the receiving,

tractor for the antenna, the Laboratory provided data processing, transmitter and receiver moni-
the digital interface equipment, including con- toring and safety equipment.
soles for computer control of the antenna system

and the programs (software) for pointing the Communication with Active Satellites

antenna at any celestial body or any satellite for

which data is known, including corrections for In addition to its moon-relay-system work,

atmospheric pointing errors. The Laboratory's NRL proposed a research-and-development
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74

NRL'S SATELLITE-COMMUNICATION RESEARCH FACILITY AT WALDORF, MARYLAND

This research facility has a capability superior 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 (1959). This proposal was adopted by the Navy,
serve as transponders in relaying communications issued by the Chief of Naval Operations as the
over long distances (1957). This program was Navy's Satellite Communication Plan, and trans-
forwarded to the Navy Department to obtain mitted to the Office of the Secretary of Defense.
sponsorship. NRL later developed the proposal The cognizant office (Advanced Research Projects
in further detail, which included the availabil- Agency) had under consideration the development
ity of a ship adequately equipped for satellite- of an active communication satellite system which
communication experiments, with which oh- would be used jointly by the several military
servations could be made in those parts of the services, and in 1960 set up a program to
world of particular Naval operational interest pursue this objective.2 7 Due to difficulties in
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matching satellite design with launching-vehicle heads of government (President J. F. Kennedy
capability, the program was modified by establish- and Nigerian Prime Minister Sir A. T. Balewa,
ing a joint project with the National Aeronautics 23 Aug. 1963), inaugurating the space craft.2
and Space Administration (NASA) to utilize their SYNCOM I utilized 7360 MHz for the uplink
SYNCOM satellites then underway (1962). In frequency and 1815 MHz for the downlink (2
furtherance of this project, the Army provided watts). The communication with the USNS
ground terminals located at Fort Dix, NewJersey, KINGSPORT took place as the satellite ap-
and Camp Roberts, California. As proposed by proached its synchronous orbit. Shortly there-
NRL, the Navy provided a ship, the USNS after, the satellite became inoperative.ms After
KINGSPORT (TAG-164), with experimental the early SYNCOM 1I trials, the ship was moved
equipment, which became the world's first into the Mediterranean area for operational
ship terminal equipped for operation with demonstrations with the U.S. Sixth Fleet via the
active communication satellites (1963).28 satellite. The first demonstration of two-way
When the SYNCOM I satellite was launched voice communication from an aircraft in flight
(14 Feb. 1963), the USNS KINGSPORT be- to a ship underway via satellite took place be-
came the first ship to transmit and receive a tween a Navy aircraft off the Virginia coast and
voice message via an active satellite. When the the USNS KINGSPORT located south of
SYNCOM 11 satellite was placed in its syn- Morocco (2 Oct. 1963).2w The ship proceeded
chronous orbit over Madagascar (26 July to Guam and supported the launching of SYN-
1963), the USNS KINGSPORT, stationed in COM IlI when that satellite was placed in orbit
the harbor at Lagos, Nigeria, passed the first over the International Date Line (19 Aug. 1964).
telephone conversations via satellite between NRL provided key technical information in

FIRST SHIPBORNE ACTIVE SATELLITE COMMUNICATION TERMINAL

The LISS KINGSPORT (TAG-1(14) became the world's first ship terminal equipped for operation with active communication

satellites ( 1961) It was the first ship to transmit a voice message via an active satellite ( 0961) 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 ground terminals, and the Navy for its shipboard
instrumentation for this ship, maintaining sur- terminals. The Laboratory worked closely with
veillance over its construction at contractors' the Navy Department offices concerned and with
plants and during trials aboard ship. The Labora- DCA to provide a capability in the joint system
tory was particularly concerned with the design adequate to serve Navy requirements.
of the ship's special antenna and its associated
controls. This 30-foot, fully steerable parabolic Satellite Characteristics
antenna mounted in a radome and stabilized to
compensate for ship motion, was the largest to The Extraordinary Administrative Radio Con-
be installed on a ship up to that time (1962). Its ference, held at Geneva, Switzerland, in 1962,
three-axis design provided effective tracking of and attended by representatives of 70 nations
satellites, particularly those passing immediately including the United States, agreed to the
overhead. The ship's capability matched that of frequency channel assignments for use by com-
the entire system for simultaneous transmission munication satellites.2 1 An NRL staff member
and reception of voice, teleprinter, and facsimile. was the U.S. Navy representative on the execu-

The SYNCOM satellites were the first to be tive committee of the International Radio Con-
placed in a circular equatorial orbit, revolving sultative Committee, the technical advisory body
nearly synchronously with the earth's rotation to this conference, and made certain that the
at an altitude of about 19,300 nautical miles. Navy's interests were adequately considered.
This orbit permitted them to be relatively Furthermore, the Laboratory provided necessary
stationary at a particular longitude and thus to technical information to support the Navy's
be capable of providing continuous 24-hour position. The United States ratified the agreement
communication service. Three such satellites, of the conference in 1964, and accordingly the
equally spaced about the equator, were planned frequency channels in the 8000-MHz region were
to provide communication coverage of the globe designated for the uplink and those in the 7000-
(95 percent), with the exception of the extreme MHz region for the downlink of the DSCS,
polar caps. Phase I satellites. In NRL's consideration of

the technical characteristics proposed for these
The Defense Satellite satellites, that of frequency bandwidth was of
Communication System particular concern. The design originally

proposed provided a very wide pass bandwidth
The responsibility for providing a Department for the satellite, suitable for operation with

of Defense Satellite Communication System high-power ground terminals with large antennas,
(DSCS), which would be utilized jointly by the but not with the small antennas and the lower
several military services, devolved upon the transmitter power which had to be used on ships.
Defense Communication Agency (DCA) In addition to this lower transmitter capability
(1962).231,232 After extended considerations a to operate the satellite, the Navy terminal had
plan was adopted to launch a series of geosta- to contend with lower signal-to-noise ratio
tionary (near-synchronous) satellites to obtain received from the satellite due to the spreading
operational experience. The system resulting of its transmitter power (5 watts) over the entire
therefrom was designated the Interim Defense bandwidth. NRL succeeded in having the fre.
Communication Satellite System (IDCSS, quency bandwidth of the DSCS, Phase I
later called DSCS, Phase 1). As the plan evolved, satellites reduced so as to make ship terminal
the Air Force became responsible for the de- operation effective (from 40 MHz to 20 MHz)
velopment of the satellites, for placing them in (1966). A total of 26 DSCS satellites were
orbit, and for the development of their airborne placed in geostationary equatorial orbits in
terminals. The Army became responsible for the four launchings with Titan III C vehicles during
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DEPARTMENT OF DEFENSE SATELLJITE COMMUNICATION SYSTEM

(DSCS-I) SATELLITES

For this first o~perastional system, 26 satellites were launched into geo-stationary equatorial orbits

during the period from June 1966 to lune 19)68, and were disposed around the world to provide

continuous coverage NRL participated in determining the characteristics of these satellites to make

(ertain that their performan~c was adequate to meet the Nav's operational requirements.
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the period between 16 June 1966 and 13 June size would provide substantial shipboard
1968. 2 In carrying out its investigations, NRL communication performance with active
utilized practically every one of these satellites, satellites (1964). To obtain the necessary

data, NRL made measurements on SYNCOM 11
satellite transmissions received by an eight-foot-
diameter parabolic antenna installation at its

Target Photo Transmissions, local site. Confirmatory measurements were made
Southeast Asia to Washington using SYNCOM Ill with a 60-foot antenna,

NRL provided the Washington terminal for which, with reduced transmitter power and

an urgent DCA-directed project (Compass Link) received-signal attenuation, provided simulation
of a six-foot-diameter antenna. The resultsestablished for the transmission o targetantenna, which

photographs of greatly superior quality from

South Vietnam for use by high-level officials in
Washington in authorizing attacks in Southeast

Asia 1967). A unique circuit was established to 608,A (375)
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 Oahu.
Hawaii to equalize the distances spanned. 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 continued to 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 MODEL ANISSC2, INSTALLED ON THE USS

power of the DSCS, Phase I satellites. Since the CANBERRA 0%5)

communication capacity of the terminal was
dependent upon antenna size, and since the super- This antenna had a 6 -foot diameter Results experienced with

structure space aboard ship was limited, a corn- this antenna using SYNCOM II and SYNCOM III satellites

promise was required. NRL conducted an confirmed the results of NRL's investigations that directional

investigation, the results of which assured the Antennas of accptable size would provide substantial ship-

Navy that directional antennas of acceptable board performane with active satellites )
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was specified for the Navy terminals, would Once the beacon signal is received, tracking is
assure substantial communication capacity. In automatic. The transfer from one satellite to
its first procurement the Navy obtained two another must also be made expeditiously to avoid
terminals (Model AN/SSC-2, 5 kW) with six- interruption to communication. NRL devised a
foot-diameter antennas, which were installed on sateilite-acquisition procedure, based on
the cruiser USS CANBERRA and the aircraft tables generated by a computer program,
carrier USS MIDWAY. Experience with these which proved to be quick, simple, and dffec.
equipments using SYNCOM 11 and SYNCOM tive for the Navy SATCOM shipboard
Ill satellites further confirmed the feasibility terminals (1966)2 The procedure was found us-
of shipboard operation with antennas of this size able with any near equatorial-synchronous satellite
(1965).23 However, further terminal develop- available. It replaced an acquisition method pro-
ment work w,'s required, since the operational vided by the contractor for the SATCOM terminal
frequencies for military communication satel- which was found to be cumbersome and impractical,
lites were somewhat altered, and since these ex- since it required extensive transmission of data to
perimental equipments lacked certain features neces- the ships. In using the NRL procedure with the
sary for Naval service. In a subsequent procure- DSCS-I satellites which drift eastward 30 degrees
ment, seven terminals (Model AN/SSC-3, 5 kW) per day, information in addition to the tables must
were obtained, the first of which was installed on be supplied a ship only once a month. This NRL
the guided-missile cruiser USS PROVIDENCE for procedure was adopted by the British for their SAT-
trials during a major fleet exercise held in No- COM terminals.
vember 1966.23 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 Navy Procurement of Shipboard
serious deficiencies, both electronic and mechani- Satellite Terminals
cal. These deficiencies included reception preampli-
fication, antenna pointing, and inaccessibility of in addition to the work already cited, NRL
components relative to maintenance. They were of conducted several investigations essential to
such import as to render the equipments unsuit- satisfactory shipboard operation in preparation
able for normal operational service.2 These defi- for the Navy's subsequent satellite procurement
ciencies were thoroughly studied with the SSC-3 in- (Model AN/WSC-2). NRL devised a "flow-
stallation at NRL. The information obtained, to- diagram" technique to facilitate the solution of
gether with that which could be secured from ship- SATCOM antenna-design problems concerning
board operations, was utilized in the development angular position, velocity, acceleration, and the
of improved equipment for general Naval use externally applied forces and torques required
(AN/SSC-6). for such motion in tracking satellites under the

conditions of yaw, pitch, and roll experienced in

Acquiring Satellites from various sea states (1970).137 The results NRL

Shipboard Terminals has obtained in applying this technique to the
solution of ship SATCOM stabilized-antenna

Means must be provided on ships for pointing problems, including the question of two-axis
the tight beams of the parabolic antennas ac. versus three-axis type structure, have been used
curately from any position on the high seas so in preparing specifications and evaluating pro-
that the beacon signal emitted by the satellite posed designs for the AN/WSC-2 terminals
for acquisition and tracking can be picked up. (1970).238 The flow-diagram technique
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SATELLITE-COMMUNiCATION TERMINAL. MODEL AN/SS(:... AS INSTALLED ON NRLS ROLL AND
PITCH PLATFORM FOR PERFORMANCE INVESTIGATIONS (1967)

The results of N RI Li nvet'igitirons ol the mns rd i thi~ulti ti ith thew eq u i mutAV Iut- Ltiir p. ,sted mod ihAt ifli.
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also has application to other time-varying compensation automatic and in the correct
coordinate systems such as weapons control, amount.
navigation, and guidance systems. NRL also Through a parametric analysis, using data
devised a computer method for siting SATCOM obtained in experiments including those aboard
,:ntennas in installations on various classes of the USS WRIGHT with the AN/SSC-3 terminals
-hips to avoid the geometric blockage caused by and the DSCS, Phase I satellites, NRL deter-
ship superstructure elements when tracking mined the communication circuit capacity
satclihtes, and to minimize difficulties with relative to antenna size which could be ex-
radiation-hazard areas (1970) 239 With this pected from Navy shipboard SATCOM
method, computer models of several ships were terminals (1966-1967).242 The results obtained
deieloped and used Actual measurements taken verified that communications adequate for Naval
aboard the USS WAINIXRIGHT (DLG 28) have requirements could be obtained with parabolic
shown excellent agreement with Coverages deter- antennas of a size compatible with several classes
mined trom the computer model of the same of Navyships.Thisconfirmedthechoiceofantenna
%.lsS ship (D,G ;.1) The need tor more than one size for the AN/WSC-2 SATCOM terminal. The
antenna installation aboard certain classes of effectiveness of modems (modulator-demodulator)
ships to provide full hemispheric coverage and is also a factor which must be considered in deter-
thus it) avoid inrerruptions to tornunications mining SATCOM system capacity. The very broad
%as also assessed In another investigation, NRL pass band possible with satellite repeaters operat-
deterined the vulnerability of SATC(OM ship ing at superhigh frequencies permits the use of
t-rmnals to d-etciton through interkeption by unique modulation techniques for information
ships and airtraft l6S)"' Improvements in transmission. The modem can be designed to pro-
.intenna design which would minimize this duce a signal superimposed upon pseudonoise gen-
%ulnerabtihiy were also determined erated it accordance with a specific code, making

NRL investigated the effect of the relative the presence of the signal unresolvable on recep-
motion of satellite repeaters in orbit and ship tion without proper decoding. In this "spread-
terminals subject to yaw, roll. and pitch, on spectrum" type modem, the signal and noise are
SATCOM system performance t1969) 11 The spread over a certain portion of the frequency spec-
results of NRL's investigation have been trum and communication-channe! establishment,
utilized in specifying requirements in the and separation is accomplished through the use of
procurement of the AN/WSC-2 ship SATCOM various codes. NRL's investigations of spread-
terminals. It was determined that the spectrum modems (AN/URC-61 (X), AN/URC-
change in transmission frequency experienced 55), procured under DCA-Army contract for use by
at the ship receiver due to this relative motion. the several military services, disclosedthat theywere
a e. Doppler. was of a magnitude sufficient to not suitable for ship SATCOM system operation
affet adversely signal acquisition and signal requiring communication-circuit netting configura-
tracking It was found that satisfactory opera tions. In modifying the AN/URC-61 (X) modem,
tion could be obtained through Doppler com- NRLdevelopedmultiplexcarrier-suppewd pube-
pensation achieved by shifting the transmitter duration modulation techniques which for the
oscillator frequency and the receiver local first time permitted satisfactory reception with
oscillator frequency in opposite directions low signal threshold, making possible shipboard
proportional to their respective frequencies SATCOM operation under adverse conditions
Reference to the frequency of the satellite (1966-1968).20 This modulation technique was util -

beacon signal, provided for tracking the satellite ized in the Navy SATCOM terminals (AN/SSC-6),
from the ship terminal, permits making the which followed Up to four voice channels with
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teleprinter order-wire or additional celewricerchan- features of the DSCS-ll system and the char-
nels as alternates to voice channels are available acteristics of its satellites of consequence to
with these techniques. NRL provided a modem the Navy. An additional investigation of impor-
using these techniques which has markedly in- tance to system design was directed to deter-
creased the capacity and performance of a Navy mining the problems involved in "satellite
satellite-communication circuit between Guantan- multiple access" and their solution. The number
amo Bay and Norfolk, Virginia (January 1970). Sub- of SATCOM terminals which simultaneously
sequently, NRL, with the aid of a contractor, also can use a satellite without mutual interference
developed a modem incorporating new NRL- is limited principally by the power output of
devised techniques that provided many more chan- the satellite. In experiments to obtain data on
nels of high-quality voice, teletypewriter, and data this and other factors, NRL participated in a
transmission, with a high degree of reliability and joint effort using its Waldorf, Maryland SAT-
flexibility. The new modem techniques have made COM Research Facility cooperatively with the
possible simplicity and compactness in design, with USS WRIGHT, using its AN/SSC-3 terminal,
ease of operation and maintenance at a fraction of the U.S. Army, using its Fort Dix and Fort
the communication-channel cost as compared with Monmouth terminals, and the British, using
earlier spread-spectrum modems. their terminals at Christ Church, England, and

Cyprus (November 1957-March 1968). The
DSCS-I satellites were over the Atlantic Ocean.

The Defense Satellite Communication The data collected confirmed the results of prior

System, Phase 11 analysis and showed that if a satellite repeater

is to serve the maximum number of terminals

After the planning of the DSCS-I was well simultaneously and without mutual interference,

underway, efforts were initiated under the its output power must be controlled by a power

cognizance of DCA for an advanced system balance of the several terminal transmitters so

(DSCS-II) having greater communication that each receiving terminal obtains power

capacity and flexibility. Since their beginning propo;tional to its receiving capability and

in 1965, NRL has participated in the Defense data rate. Procedures were devised using pseudo-
Communication Agency planning considera- noise which through spread-spectrum modula-
tions to make certain that the performance tion of the satellite permits the proper power
of the new DSCS-II satellite repeaters was balance to be achieved quickly and easily.
adequate to meet the Navy's foreseeable During the investigation, the level of a lamming

requirements and that the Navy SATCOM termi- signal above the power-baLance level of the

nals (AN/WSC-2) were designed to take full ad- satellite required to cause degradation of the
vantage of the advanced characteristics of these repeater performance was also determined.
repeaters as well as to operate satisfactorily with The information obtained in the several investiga-
the DSCS-I satellite repeaters. The DSCS-11 sys- tions served to guide the development of the
tem provides worldwide national military com- DSCS-1I system and its satellites.
munications for command control as a part of Prototypes of the DSCS-ll satellites have been
the Defense Communication System, linking constructed with a total capability of 1300 duplex
together the U.S. forces dispersed around the voice channels, or up to 100 megabits in data
globe and with the national command authorities transmission, to serve the several military ser-
in Washington, D.C. 24

4 vices and to be apportioned among them. The power
The results of NRL's investigations, pre- output of the transmitter is enhanced by antenna

viously described, were utilized in defining the gain from two alternate antennas-an earth-
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coverage antenna (gain 17 dB). and a narrow- satellites, designed and orbited to meet the joint
coverage antenna (gain 33 dB). The design of the requirements. The services, under the "guiding
satellites includes provision for maintaining them direction of the joint Chiefs of Staff," were re-
in fixed longitudinal positions which will simplify quired to "initiate planning for future opera-
their acquisition by mobile terminals. The satellites tional use of tactical satellite communications."
were planned for a life of five years. A "TACSATCOM Executive Steering Group,"

In preparation tor developments beyond the with members representing the respective ser-
DSCS-11 system, NRL has studied the potential- vices, was established to conduct the resulting
ities of radio frequencies in the range of 10,000 program as a joint effort.
to 100,000 MHz, a part of the radio spectrum The UHF band (225 to 400 MHz), assigned to
virtually unoccupied (19651968)240,245 However, the military for tactical communications, had
this is a region where oxygen and water vapor in been limited normally to short-range use due to
the atmosphere introduce considerable attenua- cutoff of transmission at the horizon. Future
tion into the signal path. Precipitation also causes disposition of ships, particularly for task-force
energy loss due to scatter. Nevertheless, as these operations, were planned to extend far beyond
impediments are contended with, a tremendous this distance. It was determined that a first
number of satellite-communication channels are objective in the program would be to assess the
made available. The reduction of antenna size and capability of the UHF band and of the large
increased communication capacity at these frequen- quantity of existing UJHF equipment, installed
cies is normally of considerable importance in ship- throughout the Navy and the other services, to
board installations. 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

Tactical Satellite Communication favorable factor and might allow the use of the
System (TACSATCOM) fixed "blade" antenna with omnidirectional

coverage on aircraft which do not require large
In 1965, concern arose regarding the capability communication capacity. The results of system

of the DSCS to provide adequately for the "tacti- studies and communication circuit trials with
cal" communication needs of the Army, Navy, experimental satellites ([ES 5 and 6) provided by
and Air Force in addition to "strategic" com- the Air Force and experimental terminals pro-
munication needs, which are considered its vided by each service were encouraging (1967-
principal function, and of particular interest to 1968).246 However, NRL found that existing UHF
DCA. As a result, the Deputy Director of De- transmitters and receivers had inadequate fre-
fense authorized the military departments, with quency stability and flexibility and that the re-
the guidance of the Director of Defense Re- ceivers lacked sensitivity. Subsequently, new
search and Engineering, to initiate action to terminals were procured with single-channel ca-
explore the use of satellite repeaters "to provide pacity for airborne (AN/ARC-146, I MW and
the fluid and flexible response normally asso- mobile (AN/TRC-156, 20 W. 157, 1 kW; AN/
ciated with the expression 'tactical' communica- MSC-58, 100 W) functions. However, the ship
tion" (October 1965). The Army, Navy, and Air terminals procured (ten Model AN/WSC-l, I
Force were to proceed with their respective kW) were designed to provide up to five voice or
terminals. The Air Force was to provide the teleprinter channels, as recommended by NRL,
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60834 (376)

TACTICAL COMMUNICATION SATELLITE

TA(.SAT-I, launched 1) Feb 1969 for military communications use, dwarfs the SYNCONI.I model.
the first Department of Defense satellite Using satellite SYNCOM-I the USNS I(SPORT,
with the installation originally proposedl by NRI, became the first ship to transmit And receive
a voice message via n active satellite (1Id Feb 196;')
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so that larger communication capacity would be 30 to 300 kHz; and "medium frequencies (MF),'
available to serve shipboard needs. TACSAT-I, 300 to 550 kl-z. The Navy was early to appreciate
a satellite of special design, was provided by the value of the very-low frequencies for long-
the Air Force and launched 9 Feb. 1969.247 The distance communication from shore to its ships
evaluation of the system which followed included at sea. Very high power could be radiated from
tests of the several types of terminals with the huge antennas used at these very-low fre-
voice, teleprinter, and data transmission ( 1969- quencies, which made worldwide coverage
1970). The evaluation established the feasibility feasible. By the end of World War I the Navy
of using satellite repeaters to extend the range of had established a chain of high-power arc sta-
ship-ship and ship-shore UHF communications to tions, giving coverage of much of the Atlantic
such ranges beyond the horizon as are included in and Pacific Oceans. 2 48 Since then, this chain has
the area of the earth covered by the satellite an- been augmented with additional stations to
tenna beam. The evaluation also showed that air- increase coverage and modernized as new de-
craft could use the system successfully for limited velopments, such as vacuum-tube transmitters,
communication capacity. became available through the years to give the

NRL participated in the TACSATCOM system greater performance (0.5 to 2 MW, 12
program from its beginning, with regard to those to 30 kHz).249 The low and medium frequency
technical aspects of importance to the Navy. In bands carried the major portion of the com-
proceeding with this program, NRL made munication traffic from the Navy's shore stations
contributions to the determination of the before the advent o high frequencies.
characteristics of the system and equipment, to Prior to the development of the high-frequency
studies for the adaptation of existing UHF band, the Navy relied principally upon fre-
equipment, drafting of specifications for new quencies in the range from 175 to 550 kHz for
equipment, monitoring of contractors during its transmission from its ships. In this frequency
procurement, devising of evaluation plans, and range, antennas were small enough to be accom-
to projection of the results obtained to deter- modated aboard ship and could provide accept-
mine the next phase of the program. Further- able radiation efficiency. But only a few such
more, since the cost of the previously developed antennas could be installed on a ship and be
satellite terminals would limit their installa- free of serious interaction. As Naval radio-
tion in the Navy, the Laboratory developed a communication requirements increased and high-
simplified terminal of low cost for small ships. frequency-band developments were able to meet
Two such terminals were assembled and their them, the lower frequency shipboard transmitting
performance through the TACSAT-l satellite facilities were displaced. Since the 1950's, lower
satisfactorily demonstrated, to provide an frequency transmitting facilities no longer have
example of how costs could be reduced in future been provided for Naval vessels except for very-
procurements (December 1970)_ short-range transmissions in the medium-fre-

quency band, using small antennas and for certain
special installations. However, relinquishing

COMMUNICATION AT THE LOWER these facilities resulted in the loss of a capability
RADIO FREQUENCIES of solid commuaication coverage out to a range

Introduction of 300 miles. This range capability is of impor-
tance in task-force operation, and provision of

The radio frequencies below the broadcast backup for communication is needed in case of
band have been designated "very-low frequencies the occurrence of high-frequency blackouts
(VLF)," 3 to 30 kHz; "low frequencies (LF)," experienced in operations from time to tim
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With respect to reception, the Navy provided its components, and the addition of some new equip-
ships with a capability of receiving the lower fre- ment. Adequate received signal levels resulted.253

quencies, particularly for Flee, broadcasts. From time to time NRL was called upon to con-
duct similar surveys on which to base corrective

Radio-Wave Propagation at the action for difficulties arising in both shore and

Lower Frequencies ship installations.
Early in World War II, Naval ships reported

The propagation of radio waves over the sur- high daytime noise levels when in the vicinity
face of the earth at the lower frequencies received of Newport, Rhode Island which interfered with
considerable attention during the period of the reception of the 18-kHz transmissions from the
early development of radio communication, high-power station at Annapolis, Maryland (NSS).
which took place principally in this frequency Similar interference was reported with the
band. The Navy conducted investigations through reception of the 18-kHz transmssions from the
which the first equation for radio-wave propaga Rocky Point, New York station by ships when in

tion, supported by experimental observations, the vicinity of Norfolk, Virginia. In investigating
was formulated (1911).2 6

0 It became known as the difficulty, the Laboratory noted that at the

the Austin-Cohen formula. The accuracy of this particular distance, approximately 325 miles,
equation and its frequency range (75 to 300 kHz) the signal level was abnormally low, and opera-
were improved (12 to 1000 kHz) through a long tors, while increasing signal amplification, had
series of observations on long-distance, trans- also increased the noise level. At night the signal
Atlantic transmissions extending until 1931. As level at both locations became abnormally high.
modified (1926), bl the expression continued to Heretofore, it was generally held that VLF radio
have relevance.252  waves propagated, even to their greatest detect-

When the Laboratory began its work in 1923, able distances, via a wave along the ground. This
its propagation effort was directed to the high- investigation demonstrated that the abnormally
frequency band, then under exploration. The low daytime field strength at the distance indi-
lower frequencies received only limited atten- cared was produced by the destructive inter-
tion until later. In 1934 the Navy had experi- ference between the ground wave and the first
enced considerable difficulty in the handling of reflected wave from the ionosphere. NRL's
communication traffic on the lower frequencies observation made in 1942 resulted in an early
between the radio stations of its Atlantic coastal recognition of the "modal effect" in the
chain and between these stations and ships at propagation of very-low frequencies, later
sea. The Laboratory was requested to investigate considered of importance. 264

this situation and propose necessary changes. Severe high frequency blackouts had caused
Using mobile field-intensity-measuring equip- serious interruptions to communications between
ment, a survey of the coverage of these stations the Navy's ship operating in the Bering Sea and
was conducted which included those at Boston, the Alaskan shore stations. NRL was requested
New London, New York, Washington, Norfolk, to determine the utility of the lower frequencies

and Charleston, located at the respective Navy as an alternate system for the arctic and subarctic
Yards and operating at 100 to 500 kHz (1934- regions. In conducting a survey of radio field
1935). In addition to field strength, noise levels strength, NRL established measuring equip-
and noise-source locations were observed. The menti At Adak, Nome. Kodiak and Point Barrow.
survey led to the relocation of some sites, the Observations were made of transmissions from a
rearrangement of both transmitting and receiving balloon-supported antenna aboard the USS
equipment and antennas, the shielding of certain BURTON ISLAND (100 and 150 kHz) operating
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in the Bering Sea, and from stations located at determine the capability of the Navy's chain
San Diego, California (54 kHz); Pearl Harbor, of high-power, very-low-frequency stations
Hawaii (16.68 and 19.8 kHz); Adak, Alaska to communication with its Polaris submarines,
(100 and 155 kHz); anti Rugby, England (16.0 wherever they might be. The importance of
kHz) during 1951.256 Although measurements of command communications to control the nation's
atmospheric noise level had been made by NRL in undersea nuclear deterrent had focused attention
the Baffin Bay area duringjuly and August 1946,21 on the coverage, continuity, and reliability of
in view of the scarcity of noise data additional the Navy's transmission system. Any inadequacies
measurements were made at the sites stated disclosed by the investigation would be corrected
(1 9 5 1). 267 Additional work was done with the ice- to insire satisfactory performance. In carrying
breaker USS EDISTO operating in the North out the program for the Atlantic Ocean, Mediter-
Atlantic in the Greenland and Iceland areas, using a ranean, and Arabian Sea areas, the field strength
1000-foot-high balloon-supported antenna of received signals and atmospheric noise levels
(1953 and 1955).2" From the data obtained, it was were recorded at Hammerfest, Bodo, and Var-
established that one kilowatt of power radiated on haug, Norway; Rome, Italy; Haifa, Israel' and
100 to 150 kHz from Naval vessels operating in Karachi, West Pakistan on transmissions from
arctic waters could provide reliable communication the Navy's stations at Annapolis, Maryland (NSS,
with shore stations with a range of 1500 miles. 15.5 and 22.1, kHz); Jim Creek, Washington

(NPG, 18.6 anti 24.0 kHz); Lualualci, Oahu,
Long-Wave Propagation Center Hawaii (NPM, 16.6 and 19).9 kHz). Summit,

Panama Canal Zone (NBA, 18.() kHz(; and
Sinte 1962 the Laboratory has been designated Cutler. Maine NAA, 4 an 18.6 kHz) during

by the Navy to maintain the 'Navy Long-Wavc the period from 158 to II6 The data collected

Propaigation (*enter," which acts as a central thpeidfo 198o116.Teaacletd
,agencyin ter, cquisitin, rction, aanaentrl were analyzed, correlated with various geophysi-ageny in the icquisition, reduction, analysis, cal phenomena, anti presented in the form of

and prorulgaition of all available information diurnal charts normalized to I kW of radiated
pertaiini ng to radio-wave propagation and atmo- power for the Navy's use. The statistical relation-
spheric noise at the lower frequencies. This ship of the field strength of the various trans-
function is intended to advance the capability missions, atmospheric noise, and the signal-to-
of the Navy's tommunia.ition systems using these noise ratios with the time of day and season of
frequencies.26 9 The Center develops means to the year were also presented. Through an analysis
enable highly reliable worldwide predictions of of the data, it was recognized that greater attenua-
signal strength and atmospheric noise levels to tion was encountered in propagation over Green-
be made under all possible conditions of trans- land anti the permafrost areas of the Arctic and
mitter and rcei~ver ltations, time and season, sub-Arctic. Using NRL's specially equipped
enemy countermeasures, anti variations in aircraft, additional data were collected in many
propagation paths. In furtherance ofacoordinated flights over the North American Arctic and
Navy prograLm, all work in the field is monitored Greenland which confirmed this effect (1959-
by the Center, and guidance is furnished other 1966).
Navy laboratories and contractors engaged in When the Navy's high-power, very-low-fre-
the program. quency station at Northwest Cape, Australia

was completed in 196', the Laboratory was
responsible for the conduct of a similar propaga-

Radio-Wave Propagation at the tion program to determine the improvement in
Very-Low Frequencies coverage of the Western Pacific Ocean, Indian
NRL conducted the first thorough world- Ocean, and Southeast Asia areas afforded by this

wide radio-wave propagation program to station. Field-strength and atmospheric-noise
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.A?

NRL'S VLF PROPAGATION OBSERVATION STATION AT BODO, NORWAY (1958)
This station is one of several cstablishcd by NRL in the eastern Atlantic, Mediterranean, and Arabian Sea artas as part of a
program to determine the capability of th" Navy s thim of high power, vcrs,-lovu-ircquency radio statilons

measurements were made at observation points Navy transmitting stations. This field comprises
established at Tananarive, Malagasy Republic; the several energy components traveling via the
Bahrain Island; and Choshi, Japan (1967-1970).260 various global transmission paths and converging
Cooperating organizations provided data taken in the region of the antipode. NRL's WV-2 air-
at Alaska, Hawaii, Philippine Islands, and Guam. craft was provided with field-strength and phase-
Based on the analysis of the data obtained and measuring equipment, and recordings were made
other criteria, NRL recommended 22.3 kHz as of the resultant field in the vicinity of the anti-
the best frequency for the new station. The Navy pode of the Navy's transmitter at Cutler, Maine
concurred and made the corresponding assign- (NAA, 14.7 kHz) cooperatively by NRL and
ment. members of other organizations (1962).261,262

Another phase of very-low-frequency propaga. This antipode was located in the Indian Ocean,
tion investigated concerned the diurnal varia- 800 miles SSW of Perth, Australia. Similarly,
tions of the resultant field at the antipodes of the resultant field at the antipode of the Navy's
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60834 (378)

NRLS WV-2 AIRCRAFT (1962)

The cutaway views show equipment 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 the nighttime attenuation rates of the very
kHz) was also investigated. Recordings were low frequencies propagated in the north-south
made with equipment installed both on the (and reverse) direction. Observations which
ground and in aircraft at the antipode in Bots- disclosed this effect were first made in Santi-
wana, Africa (1963).2 ago, Chile on the transmissions of the Navy's

An analysis of the data disclosed that the stations at Cutler, Maine (NAA, 14.7 kHz),
differences in path characteristics for the several Annapolis, Maryland (NSS, 22.3 kHz), and at
energy components due to diurnal changes and Summit, Panama Canal Zone (NBA, 18.0 kHz)
variations in attenuation rates for the various (1963).2 68 In 1969 the effect was established
terrains caused a highly complex and variable theoretically and generally accepted. Prior
pattern to be presented at the antipode. Never- to this work only meager propagation data were
theless, the field strength is reinforced, and this available for north-south paths, and theoretical
results in improved communication capability considerations had not disclosed such an effect.
in the region of the antipode. In determining the field strength provided at

NRL was first to recognize that the earth's various distances, by the Navy's several very-
magnetic field had a substantial influence on low-frequency transmitters, the earth-ionosphere
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interspace has been treated theoretically as a obtained for daylight seawater propagation
waveguide with its several modes of transmis- paths out to 3.5 megameters showed good
sion. The theory provides a field-strength-versus- agreement with the theory. However, as expected,
distance progagation curve with successive the nighttime data showed considerable irreg-
modal interference maxima and minima. To ularity. It had previously been considered by
determine the accuracy of this concept, NRL most investigators that the first-order mode was
made both daylight and nighttime field-strength dominant at distances beyond two megameters.
observations on transmissions over seawater However, the results indicated that at least
propagation paths aboard its aircraft flying three orders were significant, even at distances
between California, Guam, and Japan. Trans- exceeding three megameters. 2 '
missions from Navy stations at Lualualei (NPM, Very-Low-Frequency Communication
16.6, 19.6, 22.3, 24.0, and 26.1 kHz); Haiku, Coverage Prediction
Hawaii (16.6 and 19.8 kHz); and Jim Creek
(NPG, 18.6 kHz) were observed during May, NRL was responsible for the development
June, and July 1965. Upon analysis the data 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-strengh 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 (I '.8 kHz) 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- Mediterranean Sea were made based on the
frequency communication system on a world- information obtained (1966-1969). In this work,
wide basis (1966-1970). The Navy continued to NRL was first to determine the radiated
use the information provided through this pro. field from a VLF trailing-wire airborne an.
gram to determine global transmitter and re- tenna system as a continuous function of
ceiver site disposition, transmitter power levels, distance out to two megameters, and that
and the most effective transmitter frequency assign- under some situations the field strength had
ments for maximum transmission reliability. The extremely large fades. Subsequently, NRL
information also formed the basis for various was first to develop a theoretical model which
system improvements. This computer program explained these fades and other unique char-
incorporates propagation parameters determined acteristics of the TACAMO transmissions.
by NRL and other organizations, a worldwide
ground-conductivity map, and pertinent solar and Communication with Submerged
magnetic factors. The program was updated as new Submarines Via Satellites
information became available. For selected recep- Since only the very-low frequencies penetrate
tion points, the computer output was automatically the sea sufficiently to make communication with
presented as worldwide coverage charts and as diur- submerged submarines practical, NRL con-
nal graphs, or in tabular form. Worlwide coverage sidered the problems involved in a system in
prediction charts have been provided the Navy for which satellites would be used to provide trans-
its several very-low-frequency transmitting sta- missions. The messages transmitted on VHF
tions. The charts show field-strength and signal-to- or UHF from ship and shore to satellites would
noise-ratio contours on time-of-availability and be relayed by them to submerged submarines on
probability bases for the seasons of the year. Other VLF. Theoretical studies had indicated that
charts show contours of signal-to-jamming ratios, the very-low frequencies would suffer some
also on a worldwide basis, absorption loss in propagation through the

ionosphere, but that sufficient energy should
Airborne VLF Transmission pass through to provide satisfactory communi-

cation to submarines. However, experimental
The use of an airborne very-low-frequency data were not available to confirm the results.

transmitter with a long trailing-wire antenna The results of the Laboratory's investigation
has been considered as an alternate to the Navy's of the characteristics of atmospheric radio noise
fixed ground transmitting stations (Project indicated that the propagation loss of VLF passing
TACAMO). To determine the effectiveness of through the ionosphere would be of an accept-
such an alternate, NRL measured the power able level (1953-1958).265 This noise is char-
radiated from such a transmitting system and acterized by clicks, crashes, grinders, rumbles,
the field strength versus distance produced under rattles, and hisses (1953-1958). One type,
flight conditions (26.1 kHz). The vertical, possessing a quasimusical note usually de-
effective radiated power (VERP) was found to scending in pitch known as "whistlers," was
vary markedly with the attitude of the antenna given special attention. Generated by distur-
relative to the direction of the observation bances such as lightning discharges, whistlers
point, particularly while orbiting. In level propagate via the magneto-ionic mode back and
flight the VERP was, as expected, affected forth between the earth's northern and southern
considerably by the verticality of the antenna. hemispheres, the change in pitch permitting
System performance predictions of the com- identification of a particular whistler in succes-
munication coverage of the Atlantic Ocean and sive passages. Recordings on earth showed as
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many as 20 transits of the path between hemi- marines (1961.1963).2 Since a suitable radio-
spheres by an identical whistler with a cor- frequency power source was not readily available,
responding number of penetrations of the iono- the reverse path through the ionosphere, from
sphere, indicating remarkably little attenuation earth to satellite, was examined. Two satellites
during penetration. During the International were launched to obtain the data, LOFTI I on
Geophysical Year (195"-1958) synoptic observa- 21 Feb. 1961 from Cape Canaveral, Florida,
tions were made on atmospherics including having a duration of 36 days, and LOFTI If A, on
whistlers at chains of observation points on both 15 June 1963 from the Pacific Missile Range,
sides of the American continent, embracing the Point Arguello, California, with a duration of
Arctic to the Antarctic. 32 days. LOFTI I achieved an initial orbit with

To acquire experimental confirmation, NRL an apogee of 960 kin, a perigee of 171 kin, an
conducted the first investigation, Project apogee of 925 km, and an inclination angle of
LOFTI (LOw Frequency Trans Ionospheric), 69.88 degrees.
to determine the capability of very low fre- As the orbiting LOFTI I satellite passed within
quencies to penetrate the ionosphere and thus range, signals from the Navy's high-power trans-
make possible radio communication trans- mitting station at Summit, Panama Canal Zone
missions from satellites to submerged sub- (NBA, 18.0 kHz) were received by the satellite.

47224

NRL'S LOFTIl4 SATELUTE

This NRL satellite was used to determine the feasibilit of communication with submerged submarines from satellites on
VLF (1961

14.3
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The received signals were quantized with respect antennas was examined. The admittance of the
to their strength, transmitted by the satellite as electric dipole (two metal in-line tapes extending
frequency modulated-amplitude modulated tele- from the satellite, overall 40 feet) remained
metry data via a 136-MHz link, and recorded at capacitive (10 to 18 kHz), but the apparent
ten ground stations. These stations were located capacitance varied markedly as the satellite
in North and South America, with one in moved along its orbital path. The admittance
Australia. Simultaneously, such "housekeeping" of the loop was essentially unchanged by the
data as the satellite's skin, internal package, and environment.
solar-cell temperatures and its battery voltage
were also transmitted. With LOFTI 11, the re-
ceived signals from four Navy transmitting Lower Frequency Antennas
stations were similarly treated by the satellite.
These stations were NBA (10.2 and 18.0 kHz), NRL has determined the performance and
and NPG/NLK (18.0 kHz), Jim Creek, Washing- characteristics of the very-low-frequency
ton State; Haiku, Hawaii (10.2 kHz); and antennas of the high-power radio stations
Forestport, New York (10.2 kHz). Telemetry upon which the Navy relies for commnunica-
data were recorded at Stump Neck, Maryland; tion with its submarines, particularly when
Coco Solo, Panama; Barbers Point, Hawaii; submerged. The results of the analysis of the
Winkfield, England; Woomera, Australia; data obtained have been used by the Navy in
College, Alaska-, Santiago, Chile; Mojave, its decisions regarding the improvement of
California; and Fort Myers, Florida. the performance of both the antennas and

An analysis of the considerable amount of transmitters of these stations. The importance
data taken with the LOFTI satellites indicated of high reliability in these communications and
that energy radiated by the transmitters at very- the limitations in the generation of very high
low frequency penetrates the ionosphere in power at low frequency make it necessary that
significant degree. Fifty percent of the time the the antenna systems radiate as efficiently as
magnetic-field intensity in the ionosphere is possible. Furthermore, the amount of power
reduced less than 13 dB at night and less than 38 radiated and such factors as the effective height
dB by day due to atmospheric attenuation, of the antenna must be known to permit predic-
transition loss at the atmosphere- ionosphere tion of the long-range coverage of the trans-
interface, and attenuation due to absorption, mitting stations. The radiating capabilities are
plus spreading loss. The energy at 10 kHz determined through the analysis of measure-

*suffered much less loss than did energy at 18 ments of field strength at various bearings and
kHz. The LOFTI experiments have provided precise distances from the antenna; these inea-
important results relative to assessing VLF surements must be made in comparatively large
trans ionospheric propagation. However, there numbers to avoid undue influence on results
remain uncertainties, such as the radiation of caused by anomalies due to local terrain. Observa-
adequate VLF energy in the anisotropic medium tions are made close enough to the antenna to
encountered at desirable orbital attitudes which avoid propagation effects, yet far enough away
had to be resolved before a VLF transmitting sys- to be out of its induction field. Measurements
temi of predictable performance could be designed must be made for each operating frequency,
for Fleet use. The resolution of these uncertainties since radiation characteristics change with fre-
was pursued for some time. quency. When three additional antenna towers

With respect to radiating adequate power at were added to the existing six at the Navy's
the very-low frequencies from a satellite, the Radio Station at Annapolis, Maryland (NSS),
effects of the local electron density in the NRL made measurements of the new performance
ionospheric environment upon the impedance (1940). NRL determined the radiating capa-
characteristics of both electric dipole and loop bilities of the Navy's stations at Annapolis
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(NSS, 15.5 kHz in 1961, 21.4 kHz in 1963); antenna installations on ships have marked
Jim Creek, Washington (NPG, 18.6 kHz in 1960, influence on antenna-system characteristics which
1961, and 1962, 24.0 kHz in 1963); Summit, must be known for design of transmitters. In
Panama Canal Zone (NBA, 10.2 and 18.0 kHz seeking antenna structures of minimum size and
in 1963); Cutler, Maine (NAA, 14.7 and 18.6 form best fitted to minimize superstructure
kHz in 1963, 17.8 kHz in 1964); Lualualei, i. fluence, NR.L carried on a theoretical and
Hawaii (NPM, 19.8 kHz in 1963); Haiku, experimental program to determine such factors
Hawaii (10.2 kHz in 1963); and Northwest Cape, as capacitance, radiation resistance, energy-loss
Australia (NWC, 22.3 and 27.3 kHz in 196 6 )."7 distribution, and effective height of such sys-

tems. The coupling between antennas, the char-
Submarine Trailing-Wire Antennas acteristics of "trunks" and corona loss, and

flashover in both antennas and "trunks" were
Undersea trailing insulated wire antennas investigated (1936-1942).'" The results obtained

were used in early Navy communication experi- were used by the Navy to upgrade its shipboard
ments (1909) m and in experiments dealing with antenna installations. The results were also used
the remote control of torpedos from aircraft by in specifications for the procurement of trans-
radio (1920).M In the latter work, a 300-foot. mitting equipment.
long antenna trailing the submarine N-6 was To contend with high-frequency blackouts
supported at six-foot depth by surface floats experienced in the Arctic, the Laboratory
placed at ten-foot spacings. In NRL's early work, devised a shipborne, 1000-foot-high zepplin-
the insulated antenna cable was threaded through type balloon-supported antenna so that the
a string of air-inflated rubber buoys spaced along Navy's ships could maintain continuous
its length (1931).270 In later NRL experiments communication with shore stations on the
conducted with the submarines USS MEDRE. lower frequencies (first used on the USS
GAL AND USS SEA LION, "positive buoyancy" BURTON ISLAND in 1951).28 Further de-
was provided by attaching an air-filled plastic tube velopment of this antenna included a balloon-
directly to and along the length of the antenna winch launch, retrieve, and control mechanism
cable (1947).271 This arrangement greatly iam- with which the 1000-foot-high antenna could be
proved its trailing characteristics when a sub- held essentially vertical in wind velocities up
marine was underway. In a further step, NRL to 40 knots. This antenna system was demon-
developed a trailing-wire antenna having strated on the icebreaker, USS EDISTO, oper-
"positive buoyancy" due to the internal cable ating in the North Atlantic in the Greenland and

* structure (19 52 ).272"276 The Navy's submarines Iceland are~s (1953 and 1955). It was established
were subsequently equipped with trailing-wire that with a power of 1 kW radiated from the

, antennas using "positive buoyancy" cables. The antenna on 100 to 150 kHz, reliable communica-
positive buoyancy was provided by a layer of small I tion could be provided to Alaskan %I- re stations
plastic air-filled tubes, just inside the outer sheath within a range of 1500 miles. Early considers-
of the cable, encircling the insulated covering of
the wire. Thus, the antenna was held in proper atte- replace the balloon in supporting the antennas
ude with respect to the sea surface, and yet it pre-helicopter-supported

sented a smooth outer covering which in trailing antenna would0-fovie hecter-suatontofavoided undesirable disturbance of the surface antenna would provide effective radiation of
power at the very-low frequencies for communica-

which might be seen as a wake or scar by enemy tion with submerged submarines. Such a heli-
aircraft. copter-supported antenna was considered a possi-

Lower Frequency Shipboard Antennas ble alternate for the high-power shore transmitting
stations, with somewhat less coverage capability

Ship superstructure and the long lead-in due to the limit of the power available in mobile
"trunks" used in the large lower frequency installations.
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Very-Low-Frequency Transmission system which was first to provide reliable
command and control communication from a
single high-power transmitting station in the

The transition from the international Morse United States to continuously submerged
code keying transmission system to the auto- submarines when operating in any critical
mariC teleprinter system came about much world area (1959). Early in 1959, the subma-
later on the very-low-frequency circuits than on rine USS KATE used the system success-
those in the high-frequency band. This was fully on its trip to the North Pole. The sub-
primarily due to the extremely low bandwidth marine USS TRITON, in accomplishing the
characteristic of the huge shore-station antennas first circumnavigation of the globe, sub-
at the very-low frequencies, which imposed a merged, used the new system throughout the
limit on the speed of transmission (20 words voyage with good results (February-May
per minute. continuous-wave, international Morse 1960). The system was installed on all Polaris
code keying) to about one-half that required for submarines and provided highly reliable
teleprinter operation at its lowest speed. In command-control communications during
overcoming this limitation. NRL devised the the critical period that followed. This system
first teleprinter system providing effective became known as "Bedrock" The Nav'"s existing
operation on the very-low frequencies transmitting system had to contend with high
(1951).27 The performance of this system was atmospherit noise levels prevalent at the ver%-
demonstrated in operations using transmissions low frequencies which produted low signal-to-
from the Navy's very-low-frequency station at noise ratios and seriously .flctted the rcliability
Annapolis, Maryland (NSS, 15.5 kHz) over long- of communications in distant areas of oreration.al
distance circuits to Iceland, England, Panama importance, such as the Ncditcrrane.n Sca In
Canal Zone, and North Africa. This system was the ssstcm devised, thc superior perfornialt
self-synchronizing and provided the encoding of a obtained under extremely lo%% signal t) noisc
standard teleprinter signal into a four-level signal ratio conditions was achievt'd through the use
having one-half the keying rate of the original. The of ver- narrow trequt lt haid, %idth tr.is
transmitter was shifted through the four frequency missions and the rCdutL v provided IV

levels by the encoded signal which, as modified, facsimile type signalling A fatcsinilecontrolled
could thenbeaccommodated by thebandwidth of the exciter provided the small frequencty shitting of

antenna At the rtcvj%-r, i a14r 1od ii. dt'VL oil the transmitter Thc trcqucntv-shift rctcivcr

vcrted the reteived four level signal batk into utilized ti novlI techniques tor high se lettliv cv

its original torm for operation of the teleprinter and discrimin.tion previously dt.vist'd tor the

A novel, stable, regent-rativ irkuruit prov-ided a very loss trequets- te lepriniter system Trans

mut h higher dcgree of st-lettivitv in the tre initter comp111 ontents \vser providt-d for itstalla

quent shift ret-civer than had pr-vIousl v been tions at shore stat ions N SS. Annapolis. tMary

attained t .S liz bandwidth) A sptc iallv desigtned land. NAA. f. utIltr, Maine. NPNI. Lu.alualei.
discriminator pertintted segregation o the' Hi. NJ'(;. , m) ( reek, and NBA, B Siniut.

signals oni tht. four frt-qut-nt v Icvcls, whith wsvere Pan.ima ( anal Zone I)S l Rteiver ton

separatt d by. a s-try small difftercn c in trequency ponents w-re supplhcid for subn.aritines. the first

(.1 tit+ inst~llation being madle on the ISS SABLIE FISHt
With tht advt-nt of the Polaris we.pon systci-. January I ')5'i In tht trials of the system madc

grave conttrn arose rtgarding tht rtliab[Iity of width this subnarint-, in the Mediterranean St-a
command .ind control com unit at ions via tt .u'-a. txtellnt submt-rgt-d-rct-ption rt-sults wer-
Navy's cry low-frequenty transnmtting svstt-m obtainetd on transmissions from tht st.itioiia t
In responding to this situation. NRI. developed Antapolis. Mar-land Siinilar rt'uslts \\tre'
a very-low-frequency facsimile transmission t-xp'cricttd by the sLh ilart-c VS. B.NGA At
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its station in the North Atlantic off Norway During 19"0, Annapolis. Maryland (NSS) and
(February l959). Yosami, Japan (NDT) were equipped.

NRL developed a frequency-shift keyer Communication Between Completely
which for the first time permitted automatic Submerged Submarines
operation of the Navy's very-low-frequency In seeking to secure the advantages of being
transmitters at a rate as high as 60 words per able to communicate via radio between wholly
minute with a high degree of reliability for submerged submarines, the Navy conducted
command-control communications to Polaris experiments in 19092 and 1918.m The limited
submarines (1963).2 All the Navy's high- ranges obtained were not of Naval operational
power stations were then equipped with these interest. More extensive experiments were con-
keyers. The system utilized two frequency ducted off Provincetown, Massachusetts in 1920
levels for keying, with provision to avoid the with the submarines S-4 and S-5 And the tender
large voltage and current transients previously USS BUSHNELL. With a ,OO-watt transmitter
experienced when the large quantity of oscilla- (9-5 meters, or 308 kHz) and A -clearing line"
tory energy in the antenna system was abruptly lo0p antenna, the communication range from the
changed in frequency. These transients had, at submerged submarines to the tender was limited
times, caused flashover of "horn-gaps" and other to SO0 yards. From the results obtained, it was
protective devices, followed by objectionable concluded that "with these limitations on power
shutdown of transmitters due to overload. In and wavelength, transmission from subm.rine to
certain instances, critical damage occurred, such submarine, submerged. cannot be condukted over
as the burnout of antenna loading i iductance any appreciable distance.' '2 1 Although the Navy's
cable, rendering the station inoperative for a interest in the subject matter continued, 8 2

considerable period. The transients were avoided it was not until Ltcr years that the pxisibilities
by beginning each successive "mark" and -space- for such a communtatiton sNstem xere thor-
frequency shift At the zeto-crossing points of the oughly Investigated.
"mark" and "space" frequencies, when these In 1930 the Laboratory began A progranl to
points were coincident in phase, and by arranging determine the communication ra .. e that ould
the rate of change of frequentv to be linear during be obtained between wholly submerged sub
the transition process. The transition period wAs marines if higher power and lowtr radio tre
of such length as to hold the sideband energy frequencies, having less atrenuation in scawmter.
generated during transition within the frequency were used. Theoretical tonstderattons resulted
bandwidth of the antenna. Maximum utilization in system predictions (1940)283 which were
of the Antenna bandwidth was obtained by very verified by experiments at Fort Pond Bay. Long
precisely maintaining the "mark" and "space" Island (1946). 284 In the experiments, the field
frequencies; this was possible with NRL-devised intensity produced by transmissions wtith ; k\V
techniques Full utilization of the antenna band- at 100 kHz into a large, submerged loop k10 \
width and confinement of the sideband energy to 00 feet) were measured at a 1,000-y-ard range
within its limits are maior faitors in maximizing From this work it was e\ident that the high
the rate of transmission. The system pertnitted attenuation of the seawater path made imperative
changes in the transmitter frequency to be made the use of the air path between points immedi-
quickly and easily. Frequency-shift keyers of ately abo~e submergtd submarines it maximum
this type were provided for the Navy's very- range were to be obtained.
low-frequency stations at Cutler, Maine (NAA). Due to the Navy's particular interest at the
Jim Creek, Washington kNPG). Lualualei. Hawaii time, further experiments were conducted by

NI'M), Northwest Cape. Australia NWC), NRL which for the first time demonstrated the
and Summit. Panama Canal Zone tNBA) 1')00). feasibility of satisfactory communication
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between completely submerged submarines of a foot. Because of the Navy's special interest
over limited ranges (November 1947).271 The at the time, the range was held at 3000 yards,
experiments were conducted off Key West, although greater distance could have been
Florida between the submarines USS MEDRE- covered with the signal level available.
GAL and USS SEA LEOPARD, using both In the experiments, the performance of the
insulated horizontal trailing wire and loop trailing-wire antenna was found to be superior
antennas. The USS MEDREGAL, with a 350- to that of the loop antenna. Thereupon, its
foot trailing-wire antenna, was used for trans- characteristics, particularly those of input
mitting (200 W, 169 kHz). The USS SEA LEOP- impedance and power dissipation, were treated
ARD, with a 104-foot trailing-wire antenna, was both theoretically2 7 2 and experimentally (1948-
used for receiving (Model RAK receiver). A 1951).273 By this time, the use of Naval vessels
planing float attached to the trailing-wire antennas proved a time-consuming way of obtaining
maintained the depth at roughly three-quarters necessary data. To accelerate the data-acquisition

THE FIRST VLF-LF SCALE-MODEL FACILITY

This fatility was developed by NRL anti was used to determine the pertorman(et ot undersea radio (ormnuntiatin s% stems

(95 1), NRL (an he seen in the bakground
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process, NRL developed the first VLF-LF scale- are employed, that the depth of antenna sub-
model facility for determining the perfor- mergence not exceed five feet, and that an antenna
mance of undersea radio-communication power of 10 kW in a frequency band of 30 to
systems, locating it immediately to the south 100 kHz is used.
of the Laboratory (1951).2 4 With this model
facility, the characteristics of horizontal Radio Reception by Submerged Submarines
trailing-wire antenna systems were deter-
mined, 7 5 including such factors as the opti- The capability of the very-low frequencies to
mum ratio of wire diameter to overall cable penetrate the surface of the sea and thus permit
diameter 276 and field radiation patterns in the reception on board submerged submarines is of
air above the simulated sea. This facility great importance today in the transmission of
comprised a horizontal wire screen, simulating commands to make the nation's undersea nuclear
the sea surface, in which were inserted two tanks deterrent effective. As early as 1909. the Navy

containing an aninnoniun chloride solution conducted experiments in underwater reception
simulating seawater. The two tanks were spaced aboard a vessel using an insulated straight-wire
.a suitable distance apart to represent the air antenna submerged to four feet Signals from the
path between two submerged submarines. One Navy's Norfolk, Virginia shore station were
tank contained the transmitting horizontal wire received out to a distance of 15 miles.m This
antenna under observation. The other tank held range, limited by the insensitive crystal detector
the antenna of a field-strength-measuring equip- receiver then available, was not of interest to
ntt, representing the receiver of another the Navy, and the experiments were abandoned

submarine. The aminonium chloride solution The feasibility of receiving very- low-frequency
had sulficient concentration it) permit scaling signals aboard a submerged submarine over
the conductivity factor of seawater twelve to long distances was first demonstrated during
one The correspondingly smaller sizes and W'orld War I (1918). Signals (2) to gt) kHz) from
depths of antennas facilitated the observations high-power European stations were received by
which were made over a simulated frequency a submarine off New London, Connecticut. with
range corresponding to 10 to 500 kliz. the top of its antenna submerged to depths as

With the data obtained from the investiga- great as 21 feet.280 The antenna, of the loop
tions, a system was assembled with which NRL type, consisted of insulated cables connected to
demonstrated the feasibility of radio com- the hull at the bow anti stern, carried over sup-
munication between two completely sub- ports to the bridge, and thence through pres-
merged submarines out to a range of 30 miles surized hull fittings to the equipment inside.
(July 1953). The demonstration was carried out The interest generated in the Navy by the results
with the submarines USS DOGFISH (trans- obtained quickh, led to the installation of this
matting) and. LSS IIARDHFAD treteiving) in loop antenna system on all submarines.286 The
lAng Island Sound. in the vicinity of New 'clearing lines," provided to ward off debris
London, Connecticut, using horizontal trailing- and prevent damage to the submarines in sur-
wire antennas 100 to 5,00 feet in length for both facing, were used to support the loop cables.
installations. For the demonstration, the highest which were spaced from the lines with insulators.

powered radio transmitter (10 kW, 10 to 100 Since these clearing-line loops were directive,
kHz) ever to be. istalled on a submarine to that submarines had to be oriented in the general
time was developed, direction of the station for effective reception.

The conclusion drawn from the program was Small pancake loops, in sealed wooden con-

that an undersea radio commnunication system tainers, mounted inside the bridge wings were
can achieve a range of i0 miles, provided that also used. Two such loops, disposed at right
trailing wire antenna lengths of 200 feet or more angles, provided 1(0-degree reception. However.
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the signal strength obtained with these small become a serious threat, was greatly increased.
loops was inadequate, and their structural defects It also was found to obstruct gunfire. The Labora-
made them unreliable. It was not until radio- tory was requested to provide a more suitable
frequency amplification of substantial gain means of signal collection. To obtain a better
became available that small-loop performance understanding of the communication prob-
became acceptable. lem, NRL conducted the first thorough theo-

The Laboratory was able to make considerable retical analysis of the factors involved in
improvement in the clearing-line loop system submerged radio reception (1939).288 The
through the development of loop cable anti refraction of the radio wave at the air-seawater
cable terminations having superior electrical interface, the propagation of radio waves in
anti mechanical characteristics, both of which seawater, and the effects of the seawater environ-
provided the reliability that use in the service ment upon the characteristics of a loop antenna
required (19 3 4 ).2s7 As high frequencies came into were studied. The theoretical determination of
general use during the 19 WOs, with the periscope the variation of the attenuation of radio waves
antenna providing low probability of detection in seawater with respect to frequency was made
due to low visibility, the practice of submerged (onfirmation of results was obtained with re-
reception on the low frequencies and the employ. spect to effects on loop inductance and losses
ment of the clearing-line loop fell into disuse in a seawater environment through the use of
Interest in submerged reception revived again as loops immersed in a tank of seawater. Further
the possible involvement of the United States in confirmation was obtained through observations
World War iU became apparent. However, the made aboard thc submarine IUSS-S-3 while
clearing-line loop could no longer be tolerated, submerged (1940). The strength of signals from
since when the submarine surfaced, the prob- various shore stations and the signal-to-noise
ability of detection from aircraft, which had ratio received by several types of antennas at

Coils
InstalledAntenna in Bridge

Digrm f oo UIncton Lwest Position Loop Leadi\4

Loop Grounded to Loop . Thru Port~~Diving Mast I

, Forward &Aft

. ."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 pedance of the loop (Model DQ) was matched
determined. In this work, NRL was first to ob- directly to the grid circuit of the first amplifier
tain experimental data on the attenuation of tube of the receiver (Model RAK). The loop
ra-.io waves propagated through seawater could be rotated and advantage taken of its
and to determine its variation with frequency directional properties in avoiding interfering
(1940).289 Observations aboard the submarine stations and in taking bearings. Observations
were madte on transmissions from the Navy's aboard the submarine USS SEA LION at Pearl
stations at Annapolis, Maryland (NSS, 15.44, Harbor proved the system capable of providing
I ".8, 32.8 kHz) and Summit, Panama Canal satisfactory signals from the Navy's transmitter
Zone (NBA, 24.0) kHz). The noise created by at Annapolis, Maryland (NSS) when the top of
the ship's electrical system was found to be the loop was submerged I5 feet.
the limiting factor in depth of reception. A After World War 11, the Navy's objective of
small loop mounted on the deck proved superior higher submerged speeds for its submarines
to the clearing-line loop in receiving through forced attention to streamlining the hull and
this noise. It was also observed that radio bearings its appurtenances. An antenna, much smaller
of good accuracy could be taken on transmitting than the existing air-core loops, in the form of
stations with the small, rotatable loop while a fixed structure which could be streamlined was
submerged, and that these bearings were the same needed. Omnidirectional performance was
as those taken above the sea's surface. A com- imperative to make certain the prompt reception
ponent of the radio energy in the air medium, in of commands d irected to submari ne commanders,
propagating downward into the sea, induces which might be missed with the use of a direc-
voltages in the horizontal sides of the loop, the tional loop in 'minimum" position. NRL con-
resultant of which produces a figure-eight pattern ducted a further study of the factors entering
as the loop is rotated. This pattern is similar to into the performance of undersea loop antennas
that produced when the loop is in the air medium, of various types andi concluded that a ferrite-core
where the vertical sides are the collectors. loop could provide a reception capability equal

In making the small loop practical for to air-core loops of nearly four times the area.
underwater reception, NRL devised a loop- Furthermore, NRL conceived a loop antenna
receiver coupling technique which through system wbich for the first time provided
proper impedance match provided for the omnidirectional undersea reception perfor-
first time maximum utilization of the energy mance (1948).20' 1,21This system, with some modi-
picked up by the loop (1939)." Three bun- fication, was widely accepted in the Fleet. The
dred fifty of these couplers were furnished, so system comprised a ferrite core with two loop wind-
that the system would be made available to ings disposed physically at right angles and con-
the Navy's submarines. The system continued nected to a circuit which displaced the phase
in service throughout World War 11. The of the voltage of one loop winding 90 degrees
resulting 60-dB system gain gave the small with respect to the phase of the other. Combining
loop an underwater reception capability superior these two voltages provided the omrnidirectional
to that of the large clearing-line loop as pre- reception characteristic. Provision was made for
viously used without the new coupling technique the use of each loop winding separately, should
(14 to 38 kHz). The coupling was accomplished directional discrimination against an interfering
with a special impedance transformer, the low- signal be required. This loop antenna system,
loss, very tightly coupled primary and secondary designated the AT-3 17, was installed on all
windings of which were mounted on a moly- submarines. It was mounted at the top of a re-
bdenum permalloy dust core. With it the im- tractable mast which extended to a considerable
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75372

LOWER FREQUENCY RADIO RECEIVERS WITH
MULTIPLEXING CAPABILITY

Thc first Iwetr trcquV.n~y ratito rvk trv.rs CapAblc o muir i p1vin, in .a ,mmon .A rcnn sstred dveloped byr 
NRI. thes wtrc

thc Mok-Is RE and RF ( 'I) Thc Model RF as shown hv're

height above the sail to permit reception at work had considerable impact and brought about
greater submarine depth. various improvements in Fleet systems. Taken

While, prior to 19S9, the immediate environ- into account were such factors as radiated power,
mental aspects of reception of the very-low propagation-attenuation loss, air-sea interface
frequencies on a submerged submarine had been loss, depth-of-submergence loss, and loop-antenna
studied, no thorough analysis of the communica- collection capability in a seawater environment.
tion system as a whole had been made. Deter- The variations of these factors as functions of trans-
minations of received signal level based upon the mission frequency, seawater conductivity, and loop-
characteristics of all elements of the system could antenna configuration were considered.
not be made with sufficient accuracy to satisfy the
Navy's need. As a result of its efforts, NRL was
first to develop a mathematical expression Lower Frequency Radio Receivers
relating all of the various major parameters At the time of the Laboratory's activation in
of a very-low-frequency communication sys- 1923, the Navy had planned to provide its ships
tem, which permitted reliable determination with multiplex reception facilities to minimize
of the signal level received aboard a sub- the number of antennas. In furtherance of this
merged submarine (1959). The results of this plan, NRL developed the first lower frequency
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radio receivers which could be multiplexed using unilateral sense discrimination and sharp
on a common antenna (Models RE, 10 to 100 frequency selectivity to avoid the interference."
kHz, and RF, 75 to 1,000 kHz) (1924).292 As one element of this system, NRL developed
Hundreds of these receivers were procured the first Navy receiver to be capable of opera-
and used universally throughout the Navy tion on an alternating-current power supply
and by other government departments. They (Model RAC, 12 to 80 kHz) (1931). All pre-
were installed on all classes of ships and con- vious receivers had been designed for use on
tinued in use through World War 11. This was batteries, which required frequent attention
accomplished by using the multiplexing and replacement. The Model RAC receiver, of
"coupling-tube" technique previously described, the tuned-radio-frequency type, proved far
which permitted a large number of both lower superior in selectivity and general performance
and high frequency receivers to be used on a to existing receivers. It was included in the
single antenna. The new lower frequency re- "barrage" receiving system provided to the
ceivers possessed selectivity and shielding various Navy radio stations handling communica-
superior to previous receivers in this fre- tion traffic on the very-low frequencies in the
quency range. They were of coordinated Pacific area.
design, the radio and audio frequency ampli- NRL's work on the Model RAC receiver
fiers being part of an integral assembly instead resulted in new techniques, particularly with
of separate units connected to a tuner, as in respect to operation on an alternating-current
earlier receivers. Certain units of common power supply, which greatly facilitated the de-
design were interchangeable. velopment of a subsequent series of receivers,

The Navy required submarines to have a both low and high frequency, including the
reception capability which included the very- Models RAA, 10 to 1000 kHz (1936), RAK,
low-frequency band through the high-fre- 15 to 600 kHz (1939), RAI, 300 to 23,000 kHz
quency band. Three existing receivers would (1939), and RBA, 15 to 600 kHz ( 1 9 4 1).21-2

have been required to provide such coverage, These receivers were NRL concepts. They
but space limitations on submarines prevented included the NRL multiplexing technique and
their use. To contend with the space-limita- circuitry, and the shielding needed to prevent
tion problem, NRL developed a "universal radiation of local-oscillator energy which could
receiver" for submarines which was the first to cause detection by an enemy through intercep-
encompass the wide frequency range from tion. The Model RAA possessed exceptional
very-low frequencies through the high- selectivity, not exceeded for many years. It was
frequency band in one compact unit (Model the first receiver to use single-dial tuning. How-
RO, 15 kHz to 25,000 kHz) (1928).298 The ever, the great bulk and weight of this receiver
Model RO receiver was installed on many sub- made it unsuitable for installation on the smaller
marines beginning in 1929. Its active service ships, which used the Models RAK and RAL.
extended through World War II. It occupied The Model RBA provided a substantial advance
only one-third the space of the three-receiver by way of greater stability and simplicity in
combination. operation, greater gain over the frequency range,

In 1931, the Japanese deliberately interfered improved output limiting, and lighter weight.
with the Navy's very-low-frequency radio- These receivers were produced in large numbers
communication circuits in the Pacific area. NRL and were used for general service through World
was called upon to devise means of avoiding War 11 and for many years thereafter.
this interference. In accomplishing this, the An effort was made to obtain a 'miniaturized"
Laboratory provided a "barrage" receiving system receiver with modular construction for the lower
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frequencies; however, considerable difficulty 11. A. Hoyt Taylor and E.O. H Iulburt, "The Propagation of Radio

was encountered in securing adequate perfor- Waves over the Earth," Phys. Rev. Feb. 1926
mance due to the major reductions in size of corn- a. pp. 189-215

b. pp. 193-194

ponents. NRL provided guidance of the contrac- c. 215
tor (RCA) in overcoming these difficulties 12. A. Hoyt Taylor, "Radio Communication with Short Waves." The
(1950).' This receiver (Model AN/SRR-11, 14 Scientific Monthly, Apr. 1926, pp. 356-359

13. E.O. Hulburt. "The Kennelly-Heaviaide Layer and Radio Wave
to 600 kliz) was obtained in quite large numbers Propagation," J. Franklin Inst.. May 1926, pp. 597-634

for general use. 14. A. Hoyt Taylor, "Relation Between The Height of the

In providing a lower frequency receiver to Kennelly-Heaviside Layer and High Frequency Radio Trasmission
Phenomena," IRE. Aug. 1926

meet the special requirements for submarines, a. pp. 521-540
it was of importance that it be designed to give b. pp. 528-539
optimum performance with NRL's omnidirec- 1s. E.O. Hulburt. "The Absorption of Radio Waves in the Upper

Atmosphere," Phys. Rev., May 1927. pp. 706-716
tional ferrite loop antenna for submerged 16. A. Hoyt Taylor, "Variations in High-Frequency Ground Wave

reception. The Laboratory provided the manufac- Ranges." IRE. Aug. 1927. pp. 707-708

turer of the receiver with technical information 17. G. Breit and M.A. Tuve, "'A Test of the Existence of the
Conducting Layer," Phys. Rev. Sept. 1926, pp. 554-575and assistance necessary to secure satisfactory 18. 0. Dahl and L.A. Gebhard. "Measurements of the Effective

operation in service. In addition to the special Heights of the Conducting Layer and the Disturbances of August

cross-loop coupling circuitry, noise-cancelling 19. 1927," IRE, Mar. 1928, pp. 290-296
means and provision for operation with various 19. G. Breit. M.A. Tuve. and 0. Dahl. "Effective Heights of the

Kennelly.Heaviside Layer in December 1927, and January 1928."
conventional types of antennas were included in IRE, Sept. 1928. pp. 1236 1239
the receiver. This receiver, the Model BRR-3 20. L.R. Hafsted and M.A. Tuve, "Further Studies of the Kennelly-

(1959), was widely used because of its superior Heaviside Layer by the Echo Method," IRE, Sept. 1929. pp.
1513-1522

performance in this type of operational role. 21. E.o. Hulburt. "On Round The-World Signals." IRE. Mar. 1928,

pp. 287.289
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Chapter 4

RADAR

ORIGIN OF RADAR the area about the transmission path. It was real-
ized that these fluctuations, due to the combina-

The development of radar by NRL came about tion and phasing of the direct and reflected
through the continuing interest of NRL's staff waves, would permit the detection of enemy
in solving the problem of detecting and ranging vessels in Naval warfare. Improvements were
on enemy forces by means of reflected radio en- made in the system, including the use of wave-
ergy and through a series of related technolog- lengths as short as one meter (300 MHz). As a
ical and conceptual advances. As they occurred, result, ships passing up and down the Potomac
these advances sustained NRL's hope in an River were detected when they were as far away
ultimate solution of the problem, particularly as Alexandria, Virginia, a distance of three
with respect to aircraft, the capability of which miles. The transmitter used a 50-watt tube (type
was rapidly increasing. CG-I144-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

FIRST OBJECT DETECTION BY RADIO tube detector and two stages of audio amplifi-

While exploring the higher radio frequencies cation. The transmitting and receiving antennas

for their communication potential, the Navy's were both vertical.
rtearh grouniction fomenta the n us The possibilities of using this new means for
rsrigi l g roup o wh isich, ormedto the cthe detection of enemy vessels "irrespective of~NRL's original radio division, prior to the fog, darkness, or smoke screen," and the increased

availability of NRL's facilities, discovered that
range which could be secured through the use of

the presence of ships could be detected at parabolic reflector antennas at both transmitter
, ranges up to three miles through the use of and receiver by concentrating the energy in a

reflected radio waves (1922).' The system used areamver boughtrto the enin 
,, sharp beam, were brought to the attention of the

is the basis of what later became known asiste bass of wato lat ler" ecame kOner Bureau of Engineering; however, interest in
"continuous-wave" or "doppler" radar. Obser- sponsoring further work was not effected. The
vations were made with a receiver located on spnoigfrhrwkwantefcedTe
vaions weret mnahwigt n, .reC on na lack of an urgent operational need and the pres-

Hains Pintin ashngto, D C. onsigals sure to provide radio-communication facilities

from a 5-meter (60 MHz) transmitter mounted on adequate for the expanded fleet organization

the top of a radio compass house at the Anacostia beae at thatetime wee impedieto

Naval Air Station. The transm ission path, about beis ponsors h.

one-half mile long, passed across the confluence this sponsorship.

of the Potomac and Anacostia rivers and the
Washington Channel to the receiver. During the DISTANCE MEASUREMENT WITH
experiments, fluctuations in the intensity of the REFLECTED RADIO PULSES
received signal of considerable extent were
noted as a ship, the steamer DORCHESTER, a The method of determining the distance
wooden vessel of no great size, passed through of a target by measurement of the transit time
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THE WORD "RADAR"

The word "radar" was coined from "radio detection and ranging." one of the titles used by NRL tar this field at work, by LCOR F Rt
Furth and LCOR S Mn Tucker. who shared in respansibility lot the Navy s original procurement program LCDR Furth (later RADM Furth)
and LCDR Tucker (later RADM Tucker). while an duty at the Navy Department devised the acronym and took action to put it into effect
rhe above letter, dated 19 Nov 1 940. signed by ADM H At Stark, then the Chief of Naval Operations made the ward official Later. both
LCDR Furth and LCDR Tucker. as Captains. became directors of NRI. (CAPT Furth, 1949 to 1952. CAPT Tucker, 1955 to 1956) CAPT Furth
became the Chief of Naval Research as ADM Furth (1 954 to 1956) The word radar quickily came into generat use, although the British
retained the terms -radiolocation" and 'AOF for their work in this field until 1943, when -radar- was adapted through international
agreement
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of reflected radio pulses over the path was first transmitting beam located at NRL (32.8 MHz)
demonstrated in NRL's early investigations of and determine when it was directly above the
the height, layer structure, and characteristics beam tor landing. Radiations from the beam were
of the ionosphere, accomplished cooperatively being measured at a site about two miles north
with the Carnegie Institute in Washington with directional measurement equipment. It was
(1925).2 This pulse method later became the observed that whenever an aircraft penetrated
method of determining range in radar. In sufficiently into the radio-frequency field of the
this ionospheric work, repetitive radio pulses beam, and when the relative distance of the
were produced for the first time by the multi- aircraft was changing, fluctuations occurred in the
vibrator technique, also used later in radar. indications of the measurement meter and in the
The quiet interval between the pulses made signal received in headphones. It was also noted
possible the reception of the reflected energy that the rate of the fluctuations varied with the
without interference. A high-power, crystal-con- speed of the aircraft. Aircraft could be detected
trolled transmitter which had been used for several miles distant from the equipment. This
communication experiments was modified to system, in which "beats- were produced by
provide 10-kW (peak), 200-microsecond pulses interaction of the direct and aircraft reflected
at 4.2 NIHz for the transmissions, energy, was recognized ts being basically the

The success of this pulse work stimulated same its that used in 1922. However, it now gave
NRL's consideration of aircraft detection and promise of effective detection of aircraft. More
ranging by the pulse technique, but evidence of suitable equipment wits developed (60 NIHz),
the probability of reflections of adequate inten- resulting in a capability of detecting aircraft
sity from aircraft was insufficient to generate in out to a distance of 50 miles.4 A surveillance
sponsors support for experimental work to re system was devised consisting of a network of
solve the question. At that time, difficulty in spaced transmitters and receivers which could
funding the Navy's immediate radio needs and provide area detection and position of aircraft.
the apparent lack of capability of aircraft to However, these equipments had to be disposed
provide a serious threat were attending factors. over an extensive area, so the Navy considered
Nevertheless, the pulse concept continued to the system unsuitable for use by Naval vessels.
receive consideration by NRL. The results of The system did have application to the defense
this original pulse work served to stimulate the of large land areas, and since this function was
British in the later initiation of their "RDF" the responsibility of the Army, the results of
(radio direction finder, their early term for radar) NRL's work were forwarded to the Army for
developments, as was disclosed bv their repre- consideration for further development (191,2),
sentatives during the military techn'cal informa- Early in February l)34, a demonstration of
tion exchange meetings held with the United the continuous-wave aircraft-detection system
States in 1940. was given to members of the Subcommittee on

Naval Appropriations of the House of Repre-

sentatives. This demonstration was arranged

FIRST DETECTION OF AIRCRAFT through the influence of one of its members
BY RADIO (later Chairman), the Honorable James Scrugham

(Nevada, later Senator Scrugham), who took great
While working on the problem of the interest in NRI's detection work. Through his

landing of aircraft, NRL discovered that efforts a special appropriation (S100,000 in FY
aircraft reflected sufficient radio energy to 1IW1, And more subsequently) was received at a

be detected at considerable distances (1930)A financially critical time, which enabled the
A system was being investigated with which an laiboratory to continue its work on aircraft
aircraft could -home" on a vertically directed detection.6
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ASSOCIATION OF TECHNIQUES transmitter was constructed with two RK-20
FOR RADAR tubes (nominal 50 watts CW, Raytheon) in

A step leading immediately to radar was push-pull," accompanied by a multivibrator

made when, as a result of an investigation, NRL and pulse-forming circuits. Low-time-constant

developed an "anti-key-click" device which elements were designed so that pulses short

eliminated interference in radio reception aboard enough to permit observation and resolution of

ship caused by clicks (transients) generated aircraft at reasonably short range could be

when high-frequency transmitters were keyed generated. Ten-microsecond pulses and a pulse

(1933). In recognizing the merits of this device, spacing of 100 microseconds were obtained.
With the tubes "grid-pulsed" at a 10,000-per-th e B u r e a u o f E n g in e e r in g s ta te d th a t th e s e o d r t , a a v a g p w r o u u t f ei h

"...device makes possible materially decreased second rate, an average power output of eightseparation of adjacent Commuaication Chan- watts (80 watts peak power with a 10 percent
nels..will greatly improve communication..." duty cycle) was secured. An anode voltageand gives our Navy distinct advantage over considerably higher than the rated value of theforeign Navies in Communication evciency.t'ag tubes was used to obtain this peak power. TheIn carrying out its work on "key-click" system formed included this transmitter, ahigh-gain (7 X 10') experimental receiver, theinterference elimination, NRL devised a circular-sweep cathode-ray tube, the synchro-
means of visually observing the key clicks nizing arrangement just described, and separate
which provided for the first time a repetitive directional antennas (a horizontal dipole with
display of radio pulses and their time-dis- parasitic reflector) for both transmitter andplaced counterparts, with indication of dis- pasiireeto)frbhtanmtrad
placemeconttieparts, on th a ncat y t . receiver, which were directed across the Potomac

River. An interconnecting cable spanned the
associated transmitter and receiver were 250 feet between the transmitter and receiver
synchronized by a common oscillator, all (penthouses of NRL buildings I and 12) to pro-elements being in close proximity (1933). (etosso R ulig n 2 opo
Thees arein c nclotsectsrofimity a1ra vide sychronization. With this 60-MHz system,

an aircraft was detected for the first time with
system! NRL's work brought to focus the radio pulses as it flew up and down the
several related previous steps and led to a Potomac River; however, range resolution was
decision to proceed with the development of limited by characteristics of the receiver
a pulse-detection system, initiated on 14 (December 1934).i1 The receiver used was a
March 1934, which resulted in the first radar. modified communication receiver of the super-
The common oscillator used in the key-click heterodyne type with a 10-MHz, four-stage
investigation provided the drive for circuits intermediate-frequency amplifier. It was modified
producing a circular trace on the cathode-ray- to further increase its bandwidth for short-pulse
tube screen with pulses displayed as radially amplification and to eliminate "blocking by

displaced "pips." The angle between the origin- the transmitted pulse these modifications were

ating pulse pip and its counterpart represented successfully accomplished However, the great

the displacement time of the latter. The length a mplitude of the pe c
and shape of the pulses could he observed amplitude of the transmitted pulse caused exces-
directly. sive "ringing" in the receiver, in spite of its

wide-bandwidth circuits. The ringing extended

the apparent width of the transmitted pulse and

FIRST RADARS greatly reduced range resolution at short ranges.
In the next phase of the work, NRL devel-

Since the frequency of 60 MHz was used oped a 28.6-MHz radar with which the first
in the continuous-wave system, its use was effective detection and accurate ranging
continued in the first pulse system. A pulse with high range resolution at all ranges on
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aircraft with radio pulses was accomplished, Kaufman) which had just become available and
on 28 April 1936. The first echoes from air- which provided six-microsecond pulses at a
craft (light, fabric-wing craft) were seen at peak power of 7 kW and a pulse rate of 3720
ranges out to ten miles, but by 3 June 1936, per second. A 28.6-MHz horizontally polarized
after the transmitter anode voltage had been beam antenna (dipole elements stacked six
greatly increased, aircraft were observed out vertically, eight horizontally with correspond-
to 25 miles. On 26 June, the radar was demon- ing parasitic reflector) supported by two 200-foot
strated to the Chief of the Bureau of Engineer- towers, available following previous high-fre-
ing, RADM H.G. Bowen, the Chief of the quency-communication experiments, was used for
Bureau of Aeronautics, RADM A. B. Cock, transmission. The transmitter (located at the
the Chief of the Bureau of Ordnance, RADM present site of NRL building 16) and the re-
H. R. Stark, two other Admirals, and a group ceiver (located on the penthouse roof of NRL
of lower ranking officers. On 1 July, a dem- building 12), separated by about 330 yards, were
onstration was given to the Chief of Naval linked by a cable for synchronization by a
Operations, ADM W. H. Standley. Demon- common oscillator.
strations were also given to key members The large size of the 28.6-MHz transmitting
of the War Department and members of the antenna of the early radar made it impractical
Army Signal Corps Laboratories (4 June for installation aboard ship, so effort was di-
1936). i a.12a,13.4 rected to the higher frequencies, where smaller

Since the performance of the earlier equip- antennas could be effective. A major difficulty

ment was limited in range resolution by the in the radar work had been the lack of vacuum

characteristics of the receiver, special attention tubes operating at the higher frequencies which

was given this aspect in the design of this com- would give adequate pulse power outputs and

ponent. Its design was aided by a prior math- withstand the high anode voltage required
ematical analysis of multistage radio-f. -quency (10 to 15 kV). It had been necessary to use exist-

amplifiers. The receiver comprised a preselector ing tubes far beyond their rated capability.
heterodyne converter and two intermediate am- Operation at 50 MHz was explored, but soon

given up in favor of 80 MHz, when it was found
plifiers (three stages at 35 MHz and one stage that the Gammatron type 354 tube would provide

at 25 MHz), with a useful gain of 2.5 X 107. good power output at this frequency. A trans-
It responded to pulses of two to five micro- godpwrutt thifrqec.Aras

mitter was constructed with two of these tubes
seconds. This receiver, which was free of feed- in a push-pull arrangement with parallel-rod
back and ringing, was capable of withstand- transmission lines for the oscillator circuits.
ing, without blocking, the high input power A vertically polarized beam antenna (dipoles
imposed when closely associated with the stacked six vertically, eight horizontally with

pulse transmitter.1° The "acorn" type 954 pen- corresponding parasitic reflector) was provided.
rode tube (RCA), recently available, providing The new 28.6-MHz receiver was modified for

improved performance at the higher frequencies, use at the 80-MHz frequency. This 80-MHz
was used in the receiver. The output of the re- equipment was first to use a multiple hori-

ceiver was displayed on a cathode-ray-tube screen zontal line display on the cathode-ray-tube
using a horizontal trace with a 2 5-mile loga- screen for display of echo returns. This
rithmic scale. A horizontal dipole with para- display was arranged with five lines, each
sitic reflector was used for the receiving antenna. representing ten miles of range, providing a
A new type of self-quenching, or "squegging," total available display range of 50 miles.
oscillator was used in the transmitter with a This system was first operated on 5 Nov. 1936,
novel inductive storage-capacitive discharge and by 24 Nov. 1936 aircraft out to a range of
keying circuit. The transmitter used a Gammatron 38 miles were observed. The equipment
type 354 tube (100 watts, CW, Heintz and incorporated circuits which allowed one antenna
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The first detectio~n and high-resolution
ranging on aircraft with radio pulses in the

United States was accomplished by NRI.
with this radar on April 28, l91(6 The
radar used a beam antenna for transmit.
ting (left) and a receiving antenna (belosm

'74
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In this demonstration, the transmitter operated it 286 1
MHz with 6-microsecond, '-kilowatt pulses (right), the

pulse received (below) used a cathode-ray tube display.

Aircraft were observed to a range of 26-25 miles

D)uring junc aid July li)96. this radar i s dctromntrated

to the (hide of Naal Optertiwi,,lie (hites hc the

urcat (it I igitcriig, .Ae pitnauts, and (Ordntanie.

atd \, [)pirtrepit.i< .nd other olfiiils
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to serve for both transmission and reception, verter of concentric transtission-lieti design,

although this was first accomplished with responded to tour-microsecond pulses. The
200-NiHz equipment. first observations with this radar were made on

Many demonstrations were given with this 22 July IQ30, and after adjustment aircraft

radar, including one to the Commander-in-Chief, could be observed out to a range of 12 miles.

U.S. Fleet, ADM A. .. Hepburn 04 Dec. 19;6),
who urged RADNI H. G. Bowen, the Chief of the

Bureau of Engineering, to arrange for an early RADAR ANTENNA DUPLEXER

demonstration and practical test of radu in the A major step forward in radar was made
Fleet. On I- Feb. 193 - , this radar was also by NRL with this 2(X-MHz equipment when,

demonstrated to the Chief of Naval Operations, shortly after testing began, the first duplexing

ADIM W. D. Leahy, and the Assistant Secretary circuit, which permitted the use of a common
of the Navy, the Honorable Charles Edison, both antenna for both transmission and reception,

recently appointed. Demonstrations were also was incorporated (July 19 36 )." Duplexers
given to representatives of the Army Signal are now used by all radars. This 2(0)-N1Hz
(:orps Laboratories |November I1);0( , who were radar was also shown to the Chief of Naval

urged to use a frequency of about 100 NMHz Operations and the Assistant Secretary of
for their radar. for which high-power tubes were the Navy during their visit to NRL on 17 Feb.

available This became the frequency of their 1937, to indicate the possibilities for size

first long-range search radar, the Model SC'R reduction relative to shipboard installations.
2 0.' It was by means of this radar that the

Japanese aircraft were observed when approach- This circuit comprised a parallel-rod trans-
Sin ission line, one end of which \was oupled to

ng Oahu, Hawaii. in their disastrous attc the transmitter-tube ainodes through capat tors

on Pearl Harbor inl')-I I -,a warning which Un-
fortunatelv WLs not heeded. On I, gill%- yq- ith a shorting bar disposed ornc-quarter wave-

representatives of the Bell Telephone I-abora- length ava-. This section (of the line w.is tapped

tories were showvn the SONI liz eqU I penit ro to provide coupling for the antenna The section
tortesd thre barw theI AdUt011 Iltl equll leth .111

interest then in engaging in radar work In beyond the bar vas ad oustible tin length .nd

view of NRL's progress, they decided their con- teppd to provide o tl ing for the reciver
tribution could best be nade through improved Thentrution o t ie greducedithe

v.acIun tubes. However, later they were willing

to undertake work ol the early fire-control its practicality and a.cceptabilitv, particulary

radars ihi~h .board ships and airt raft.
The relative effectiveness of horizontal,

vertical, and circular polarization of trans-
200-NMHz RADAR mitted waves were first studied by NRL with

To further reduce the size of the antenna this radar (August 1936). Eark observattons

through the use of snialler dipole elements, were also ilade on the vari.tions in etho inten

the development of a 200-NI Hz radar was under- sity due to changes i rcrrft attitude

taken S Nfa' I,); (,) This NRL equipment was
the first radar capable of providing bearings FIRST SHIPBOARD RADAR

and position of targets (bearing accuracy

2 degrees). The antenna. ot the Yagi type, was The NRL 2(X-M|Iz experimental equip-

arranged so that it could be rotated in azimuth ment with duplexer became the first radar

The transmitter used two type ;0-4 tubes (100 aboard ship when it was installed on the

watt, (A'. Western [lettrit) in i push-pull destroyer 17SS LEARY (DD 15 8). During a

tirtuit The receiver, a stpecrhet'rodne pro. trip out into the Atlantic. ranges on aircraft

vided with a presclettor and hettrod~vnt ton out to 20 miles were experienced (\pril
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1II F1I.RST SHIPBoARD RADAR

Ani t'(pwrin(ivirat 200 MillI r.il.lr .Its ,nsr.lkd otn the dcstrowcr VS> 1I FARY, ttrh it, .,imanI m-nted~ on thc mr~~.r ~h
oinfop~rnit trti nion -bicrr turmri . trip ot into thc Atl.tnti,. .iir~r.ttt ctr,- dt-rc~te u 1 mJ tolo d ,,i , .m if .(

mitles A4prd 1I', Sc.i lutter was first ,bter'ec 'tith this r.,].cr Thc .atittr...... Iu1'lcscr AsIu?!III rttrl-cdl dlii, icti

-r n this riiljr lise [''I;, Onv Mt thc itt iis used Y\sgil is hotn ii the ip ho 'to munt ,it t stsrirlr ', iih

owi [lie loAt-r 'hi'. shiw~s thc rett iscr anditt itdirr kIt', antitlit tr.miuiciltr idi ,,-t Iti:ps tnier
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1937). Sea clutter due to backscatter reflec- devised by NRL employing six higher power
tions from ocean waves was discovered on tubes, then available (type 100TH, Eitel Mc-
this trip.ld 'sc The Yagi antenna was mounted Cullough). This oscillator was capable of pro-

on the starboard 5-inch gun for training. (For viding 15-kW pulses at 200 MHz. 16. 7 How-
comparison, on a later trip a curtain type an- ever, this power level was found to cause in-
tenna was used.) jury to the receiver. To avoid injury to the

radar receiver, NRL developed an improved

HIGHER PULSE POWER WITH duplexer which for the first time employed

RECEIVER PROTECTION a "spark gap" in a helium-filled envelope
for receiver protection during transmission

It was realized that further progress in radar (19 37).e7 ' . This gaseous-discharge type
performance would require much higher trans- of duplexer for switching between trans-
mitter power. A "ring' type oscillator was mission and reception was incorporated in

7 7/

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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subsequent radars. The spark gap was introduced at that time. Strong echoes from airplanes at
at a high impedance point in an arrangement of 40 miles were commonplace-' The radar "indi.
quarter-wave transmission lines. During transmis- cates the position of any airplane near or above
sion the gap broke down causing, through reflec- the horizon at distances out to 60 miles. Bearing
tion, a low-impedance shunt across the terminals of indications obtained can be repeated to within
the receiver with little loss in transmitter power. less than 30 minutes of arc." This radar was
During reception the receiver was connected to the completed on 17 Feb. 1938, and demonstrations
antenna with proper impedance match. were given to many officials during 1938.

These improvements and others were in- THE FLEETS FIRST RADAR-
cluded in an installation in which both the trans- MODEL XAF
ceiver and antenna were mounted on the same
rotating platform. This 200-MHz radar had the Considerable Naval operational interest
highest pulse power at any frequency attained had been aroused by the results the Laboratory

- .1
.. . -.

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

This radar was also first to incorporate a duplezer of the gaseous-discharge type for switching between transmisaioneand reception and foe
protection of the receiver againat injury by the high power during transmission (completed February 1958). With this radar, an aircraft near
or above the horizon could 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 P-'.lding 12. The antenna and the transceiver (located below the antenna, in the penthouse) wefe
mounted integrally with a shaft which extended through the roof. The entire trnmitter-receiver "ystem was mounted on a turnsbl. which
as it rotated also turned the antenna; thus permitting bearing ms well as range determination on aircraft.

179



RADAR

had obtained in its experimental work with this conference resulted in a decision to install
radar. The Commander-in-Chief of the U.S. a seagoing model of radar on board a major ship
Fleet had requested that "Radio Detection and at the earliest possible date.' In implementing
Ranging equipment" be provided the Fleet. this decision, the Bureau of Engineering allo-
In response, a conference was held to consider cated $25,000 to the Laboratory to provide the
the matter in February 1938, at the Bureau of equipment; this work was accomplished without
Engineering. The conference was attended by cost over-run.
representatives of the Chief of Naval Operations Beginning in Match 1938, NRL devel-
and the Bureaus of Ordnance, Aeronautics, and oped the first radar to be used in Fleet exer-
Construction and Repair. The deliberations of 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 Squaadron, ADM A. W. Johnson,
recommended that the Navy proceed im-
mediately with extensive installation of such
equipment in the Fleet and stated, "The XAF
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

N. of collisions at sea justifies the Navy's un-
S(H-254 limited development of the equipment."" The
85341(H-25) demonstration resulted in the initiation of

WEATHER DATA OBTAINED BY RADAR what became an extensive radar procurement
program which has continued to the present

The collection of weather data through radar tracking of day. In these exercises, involving approximately
balloon-borne reflectors was first accomplished by NRL 80 ships, the Model XAF well proved its capa-
(198). Wind direction and velocity were determined out to bility for air and surface detection, navigation.
a range of W0 miles. This method of obtaining weather data spotting the fall of shot, and the tracking of
with radar is used worldwide today. L C. Young is shown

releasing one of the balloon-borne reflectors. Mr. Young projectiles in flight. Aircraft were detected
contributed many important new ideas in radio-electronics out to a range of 100 nautical miles; surface
during his long and fruitful Naval scientific career (1917- ships out to 15 nautical miles; 14-inch shells in
196'). He and Dr. A. Hoyt Taylor were irst to detect the flight and fall-of-shot splashes at 7 nautical
presence of ships with radio waves (1922). He was involved miles; navigational buoys at 4 nautical miles;
in the first detection of aircraft with radio waves (1910).
While working on the problem of eliminating key-clicks mountains at 70 nautical miles; and birds in
in high-frequency transmitters, observing the very short flight at 5-1/2 nautical miles. The equipment
pulses generated, he became convinced of the feasibility of incorporated the latest NRL techniques, plus
using reflecteo radio pulses to detect and range on aircraft. appurtenances necessary for shipboard operation,
His persistence in convincing the Superintendent of the Radio and provided 200-MHz, 15-kW, 5-microsecond
Division, Dr. A. Hoyt Taylor. of the high probability of suc. pulses. The installation of its rather large
cess led to the beginning of radar work It was through his
guidance and collaboration with Dr. R. M. Page in carrying planar 17 by 17 foot antenna (20.5 by 23.5 feet
out the work that radar became a reality, overall) caused considerable consternation,
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,',, . 60834 (H-12) ,

FIRST RADAR USED IN FLEET OPERATIONS
The Model XAF radar, developed by NRL (1938) and installed on the battleship USS NEW YORK, demonstrated the capability
and importance of radar in operations at sea during the Fleet exercises held in Caribbean waters early in 1939. In recommending
that the Navy proceed with extensive installations of such equipment in the Fleet, the Commander of the Atlantic Squadron -

stated, "The XAF equipment is one of the most important military 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 iustifies the Navy's unlimited develop-
ment of the equipment." The equipment comprised the antenna (above) and the transceiver (on left in insert). The Model CXAM
radar (on right in insert), closely patterned after the XAF, was the radar with which the Navy entered World War 11 (20 procured,
RCA).
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MO0DEL XAI RADARt SIGNAL RETURNS

The Model XAF radar "scope" photos shown here are records of observations made with equipment

i nstal led on the USS NEW YORK during the Atlantic Fleet extercises in southern waters held in February

1939. Taroet range increases from left to right on tise upper line and continues right to left on the lower

line. Total range for one time around is 50 miles.
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which disappeared when the military value of achievementsstated"Becauseofthis attheoutset
the equipment was proven of the war, ourNavy alone hason its ships a search

radar specifically designed for shipboard use. We
SEARCH RADARS FOR had already incorporated in these radars the ech-
WORLD WAR OI nica developmen t of using a single antenna for

transmission and reception. Radars of this type

The success of the Model XAF gave rise contributed to the victories of the Coral Sea,
to widespread interest in radar in the Navy. Midway, and Guadalcanal" (1945).*
NRL's Model XAF served as a prototype for By the end of 1941 radar had become a
the beginning of a long line of radars. Its trans- proved naval weapon. In the meantime, the Navy
mission frequency (200 MHz) proved to be an had been eager to obtain increased aircraft
excellent choice for long-range aircraft search. The detection range with reduction in antenna size,
frequency range employed served the aircraft especially for installations on the smaller ships.
search function well for many years. Upon the In furtherance of these objectives NRL de-
receipt of the Fleet reports in May 1938, the Office veloped the Model XAR radar, which pro-
of the Chief of Naval Operations held a conference, vided a twenty-fold increase in available
with representation from the several cognizant Bu- transmitter power and an 11-dB gain in
reaus and NRL, to consider the initiation of radar receiver sensitivity. The receiver was the
procurement. In view of the exigencies of the inter- first to have an antijam capability (1941-
national situation at that time, emphasis was placed 1942)." The XAR radar served as a prototype
on obtaining "Chinese copies" of the Model for the Models SA, SC-I, and SK radars
XAF.2s A contract was given to RCA to produce (200 MHz). The last, with a larger antenna,
this equipment under NRL guidance. Twenty of was the Fleet's first radar to provide a detec-
these radars, designate Model CXAM, were pro- tion range of 150 miles on average size
duced. Installations were made on the battleships aircraft.27 The transmitter power level (330 kW
USS CALIFORNIA, TEXAS, PENNSYLVANIA, at 200 MHz) was obtained through use of a new
WEST VIRGINIA, NORTH CAROLINA, and oscillator with a tube specially designed for pulse
WASHINGTON, on the aircraft carriers USS operation at the Laboratory's request (Type
YORKTOWN, LEXINGTON, SARATOGA, 327-A by Eitel-McCullough). The increase in
RANGER, ENTERPRISE, and WASP, on the receiver sensitivity was due principally to a new
heavy cruisers USS NORTHHAMPTON, PENSA- low-noise tube called Lighthouse, provided NRL
COLA, CHESTER, CHICAGO, and AUGUSTA, by the General Electric Company. The perfor-
on the light cruisers ALBEMARLE and CINCIN- mance of the Model XAR was demonstrated in an
NATI, and on the seaplane tender USS CURTIS. installation on the destroyer USS SEMMES (July
The installation of nearly all of these radars was 1941). These operational radars, produced
completedbythebeginningofU.S.entryintoWorld under NRL's guidance, were the first to be in-
War !I.4 The Model CXAM radar had an excellent stalled on Navy ships in quite large numbers
reputation, and every one that did not go down in (1942.1945). Four hundred of the Model SC-I
action received an honorable discharge after long were obtained. The Models SA (RCA) and SC-1
and dependable service. In regard to NRL's origi- (General Electric Co.), with a 15 by 4 foot
nal development of radar and subsequent follow- high planar array antenna, were installed on the
through, Fleet Admiral Ernest ). King, Com- smaller ships (destroyers). The Model SK
mander in Chief, United States Fleet, and Chief (General Electric Co.), with a 15 by 15 foot
of Naval Operations, in his final report on the planar type antenna, later a 15-foot-diamerter
war to the Secretary of the Navy, citing NRL's paraboloid, was placed on the larger ships. During

183



RADAR

(H-385)

(H-386)

THE MODEL XAR RADAR
This NRL-developed radar provided a twenty-fold increase in available transmitter power and an I IA-B gain in receiver sensitivity
21941, 1942). The receiver wa the firsitgo have an anti iam capability. The radar served as at prototype for large-scale procurement

of search radars, The antenna is shown at the upper right, the transceiver at the lower right, and the interior details of the trans.
mitter on the left.
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THE FIRST SEARCH RADARS PROCURED IN LARGE NUMBERS TO OUTFIT THE FLEET,
THE MODELS SC AND SK

The design of these radars was based on a prototype developed by NRL during 1941 and 1942, the Model XAR radar. They
used the same transceiver (lower), with a smaller antenna for the Model SC (upper left), and a larger antenna for the Model
SK (upper right). The Model SK was the Fleet's first radar to provide a detection range of 150 miles on average-size aircraft.
The IFF antennas can be seen a vertical dipoles at the top of the antennas.
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the war these equipments became widely used (1250 to 1350 MHz); however, only 27 were
in convoy work in the Atlantic, their instal- procured, since its antenna proved too iarge for
lation being eagerly sought by skippers to allow the smaller ships for which the radar was inqtended
full-speed operation in bad weather and for (December 1945). Redesigned as a lightweight
general navigation. They saw extensive service system, the radar became the Model SR-6
in the Pacific, particularly for air surveillance (1250 to 1350 MHz), of which 60 were obtained,
of enemy aircraft. beginning July 1946. The Model SR-3 and SR-6

To provide greater aircraft detection range radar antennas had been designed for high-angle
through higher power, NRL developed the first observation to contend with Kamikazi attack
one-megawatt pulse transmitter (200 MHz) by Japanese aircraft. NRL redesigned the antenna
(December 1941).U This was a 12-tube ring-type system to provide improved long-range search
oscillator using the type 327-A tube employed performance, and the equipment was then des-
in the Model XAR radar. Subsequently, the ignated the Model AN/SPS-6 radar, of which
Navy desired to "standardize" its radar equip- over 200 were procured beginning in 1950.
ment and requested NRL to proceed with the The Models SR-3 and SR-6 were backfitted with
development of a series of higher power radars the new antenna.
operating at successively higher frequencies.

In proceeding with the first of the series, NRL
developed the Model XBF search radar SUBMARINE SEARCH RADAR
for shipboard operation (500 kW, 200 MHz; NRL developed the first submarine radar,
194 3)." This equipment became the prototype to provide protection against enemy search
for the first of a series of radars designated the and attack aircraft (1940-1941).6old I This
Model SR, which became available to the radar became quite popular with submarine
Fleet in 1944, in plenty of time to give a good skippers and was installed in submarines as
account of itself in battle in the Pacific fast as the rate of production allowed. Over
during the latter part of the war. Three 400 were produced. The radar was still in use
hundred of the Model SR radars were pro- at the end of the war. NRL's model, designated
cured. the Model XAS, was installed on the subma-

In proceeding to operation at higher fre- rine USS GAR in June 1941, where its capa-
quencies to reduce antenna size, NRL in 1938 bility was sucessfully demonstrated. It was
developed a 450-MHz radar system; how- the prototype for the Model SD radar when
ever, this system lacked sufficient transmitter procured (140 kW pulse, 114 MHz) (1941).
pulse power to give acceptable aircraft de- The antenna of the radar was mounted on a
tection range. By the summer of 1941, through retractable mast so it could be quickly lowered
sponsorship of tube developments, an adequate to avoid approaching aircraft. Since the antenna
power level was attained. Thereafter, NRL was omnidirectional, warning was given of air-
developed the Model XBF-1 radar (600 kW, craft approaching from any direction. Aircraft
400 to 425 MHz), which initiated the utiliza- could be detected by the radar out to a range of
tion of sucessively higher frequencies for 20 miles, at that time considered adequate to
"operational" radars with smaller antennas. allow the submarine to submerge.The availability
The Model XBF-I served as a prototype for the of target identification (IFF) was limited during
Model SR-I radar (1944)." Before many Model the early stages of the war, so there was danger,
SR-I radars were obtained, the operating fre- not alone from enemy aircraft, but also from
quency was changed to 600 MHz and the desig- our own. During the war the Japanese developed
nation altered to the Model SR-2. Over 200 an aircraft intercept receiver which enabled
were produced, beginning in July 1945. The them to home on our submarines using the Model
Model SR-3 was a step to still higher frequency SD transmissions, causing the loss of some of
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them. To counter this difficulty, NRL developed needed, and its lack continued to be an impedi-
a keying technique so that a "quick look" could ment to effective radar performance at the super-
be taken without excessive hazard. high frequencies until September 1940. At this

time, meetings were held with members of the
SUPER-HIGH FREQUENCY British Mission under Sir Henry T. Tizard which
(MICROWAVE) SEARCH RADARS resulted in an interchange of technical informa-

tion in furtherance of the war effort. The British
During NRL's early development of radar, received information on NRL's radar duplexer,

it was apparent that shipboard and airborne instal- and in exchange the United States was given
lation limitations would require operation at information on the British multicavity magnetron
super-high frequencies if full utilization of the capable of producing 10-kW pulses of short
potentialities of radar were to be attained. How- duration at 3000 MHz. In 1940, the Radiation
ever, that perennial impediment to the use of Laboratory came into being under the newly
higher and higher frequencies, the generation established National Defense Research Com-
of high transmitter power, had to be overcome. mittee and proceeded to engage in radar work
These frequencies would make available tighter based on the British magnetron development.
antenna beams, resulting in sharper definition in The Radiation Laboratory and NRL coop-
the display of objects, with smaller antennas of erated in providing necessary technical
higher power gain. In seeking an adequate trans- information and guidance to a Navy con-
mitter power source at these frequencies, NRL tractor (Raytheon) to produce the first effec-
developed magnetron tubes giving power levels tive S-band shipboard radar available in
up to 50 watts (7 to 40 centimeters, 4285 to 750 quantities, the Model SG, which utilized the
MHz) (19 36).3 The Laboratory was successful in multicavity type magnetron (50kW, 1.3 to
devising means for pulsing the magnetron. NRL 2 microsecond pulse, 3000 MHz).Y This
developed equipment employing one of these radar saw extensive wartime service, prin-
magnetrons which was first to detect and range cipally in the Pacific theater. Nearly 1000
at a frequency as high as 3000 MHz (10 centi- Model SG radars were produced during the
meters, S band) on ships passing NRL on the war (1942-1943). Many remained in service
Potomac River (19 3 6).*- , 3 In this work, NRL over a period of nearly two decades. The
employed modulated continuous waves, the Model SG, primarily a surface search radar,
phase difference between the energy received was designed for installation on destroyers and
relative to that transmitted at the modulation larger ships. It provided greatly improved surface
frequency (30 kHz) providing the range. Two coverage out to horizon distances as compared
24-inch-diameter parabolic antennas were with lower frequency radars, and gave better
used, one for transmission, and the other for performance against surface targets and low-flying
reception. With a similar equipment, NRL was aircraft. As a navigation aid at short range, it was
first to detect and range at frequencies as also superior to the lower frequency radars,
high as 1200 MHz on aircraft. Buildings making possible the sighting of buoys and shore
and steel towers were also observed. This lines in passing through narrow channels under
equipment utilized two 40-inch-diameter bad weather conditions or darkness.
parabolic antennas. The range was limited NRL also participated in the development
to about four miles. Observations were of a series of S-band radars procured during
also made on targets with this equipment in- the war, having characteristics necessary to
stalled on the destroyer USS LEARY (1937). serve the special needs of several classes of Navy
The observational range capability of these equip- ships. This series included the Models SE, SF,
ments was so limited as to be of little operational SH, SJ, SL, SM, SN, SO, SP, SQ, and SV.3 NRL
utility. Much higher transmitter power was contributions included tunability of magnetrons,
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• 60834 (H-305)

FIRST DETECTION AND RANGING ON AIRCRAFT AT FREQUENCIES AS
HIGH AS 1200 MHZ (1937).

This system used a magnetron operating on modulated continuous waves, the phase difference berween the
modulation frequency transmitted and that received providing the range. Two 40-inch-diameter parabolic antennas
were used, one for transmitting and the other for receiving. Only one of the antennas is shown in this photograph,
as it was when installed on top of NRL Building I. Observations on targets were also mAde with the equipment
installed on the destroyer USS LEARY. With similar equipment employing two 24-inch parabolic antennas,
detection and ranging on ships passing NRL on the Potomac River was accomplished for the first time at a fre-
quency as high as 3000 MHz (1936). Shown left to right are Dr. A. Hoyt Taylor, Dr. C. E. Cleeton, and Dr. J. P.
Hagen. Later, Dr. Hagen became Director of the Vanguard satellite project.

modulators, the pulse transformer, switching from the campaign in the Marshalls to
tubes, diode detectors, system arrangements, and Okinawa. For submarines, the Model SJ (170
influence on design to insure reliability.N The procured) followed the lower frequency Model
Models SF (1655 procured) and SO were light- SD and provided, in addition, target position
weight radars for the smaller vessels such as through a rotating antenna, necessary in torpedo
PT boats and minesweepers. NRL contributed control. With this radar our submarines were
to the development of the Model SO shipboard able to make night torpedo attacks of deadly
radar, which involved the largest procurement effectiveness and also to make use of wolfpack
of any shipborne radar (6300). It took part techniques. The SV radar (165 procured), init-
in landings in Norway and in all amphibious iated by NRL, provided for submarines an air-
landings in the Pacific which used radar aids, search capability in addition to surface search
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60834 (H-214) surface-search performance superior to the lower
frequency radars at ranges out to the horizon.

They saw widespread service during the war,
some remaining in service for a decade and a

,- half after its termination.

.- POSTWAR SHIPBOARD SEARCH
... RADARS

S--= ". . During the latter part of the war it had be-

come possible to generate high transmitter
pulse power at the higher frequencies. This
development made it feasible to raise the fre-

quency of Naval primary air-search radars from
the 200-MHz to the 1300-MHz region, to secure
the advantage of better resolution of closely
spaced targets provided by the sharper antenna

beams available. In 1945, NRL made a study to
determine the optimum frequency for shipboard

THE FIRST OPERATIONAL MICROWAVE radars, giving consideration to the several system
RADAR, THE MODEL SG (1942) parameters involved.3 7 It concluded the maximum

performance centered broadly in the 1300-MHz
The Model SG radar, in the development of which NRL region. The results of the NRL study of the
participated, is shown on a platform at NRL's Chesapeake optimum frequency for shipboard radar pro-
Bay site. This model radar was extensively used during the vied theqasis for s ith tedevel-
latter part of World War ii and remained in service during a vided the basis for proceeding with the devel-
period of nearly two decades. Only the antenna of the radar opment of the world's most powerful radar.
is shown. This radar for the first time provided three-

dimensional capability for the interception
and permitted these functions to be conducted of enemy aircraft and missiles encompassing

while submerged (1945). The Model SL (1209 300 miles in range and 100,000 feet in altitude
procured) was used on small ships. The Models (Model AN/SPS-2, 7 megawatts, 1300 MHz,
SN (776 procured) and SQ (71() procured) were 1946-1954). 38 NRL provided critical com-
for landing craft and for portable emergency use. ponents for this radar, including the first
The Models SM (49 procured,1943) and SP(200 stacked-beam antenna system and an elec-
procured,1944), 700 kW, I to 5 microsecond tronic computer-display system for target
pulse, were the first fighter aircraft direction and height determination. The AN/SPS-2 radar
general search radars with three-dimensional was installed on the USS NORTHAMPTON,
coverage. Of the 49 procured of the Model SM, a modified cruiser, which had been especially
26 were received by the British. The Model SU designed as a Command Ship (CC-l) to pro-
radar, operating at higher frequencies, was the vide high command with all the facilities
first X-band (9000 MHz, 50 kW, 1/4 to I micro- and accommodations necessary to carry out
second) surface search shipborne radar (896 its functions. Later, the ship became the Navy's
procured, 1944). Its development was initiated first National Emergency Command Post Afloat,
as a result of the Japanese acquiring a capability intended to provide facilities for the President
to intercept S-band signals. Its performance was of the United States in the event of nuclear
limited by the lower power available at the high attack. The Air Force procured (General Electric
frequency. The S-band radars were found to give Co.) about 30 of these radars modified for ground
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THE WORLD'S MOST POWERFUL RADAR, THE MODEL SPS-2 (1953)

The antenna of this radar is seen atop the center tower of the USS NORTHAMPTON (CLC. 1), the Navy's first ship especially
designed to provide facilities for high command. NRL provided critical components for this radar.

installation and designated the Model AN/FPS-7. tively for transmission. Comparison by the
These radars were widely accepted and saw service computer of the intensity of the signals received
in the Continental Air Defense System. The stacked- on the individual beams provided the altitude
beam type of antenna system has been used in a information. Position information was obtained
series of radars procured by the Navy, Marine through a "peak selector" which accepted the
Corps, and Air Force. The Navy found radars in the strongest signal produced by any one of the
1300-MHz band to be eminently useful and used several beams for display and utilization.
equipment of this kind for many years.

In the development of the AN/SPS-2 radar,
NRL worked cooperatively with the contractor LOWER FREQUENCY RADARS
(General Electric Co.). The antenna comprised
seven vertically stacked beams arranged to be After the war, commercial interests brought
utilized individually for reception and collec- great pressure on the Federal Communications
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Commission for the assignment of the frequency classes of ships. The first procurement of 22 radars
channels in the 200-MHz and 400-MHz bands, was from the General Electric Co. The perfor-
principally for television. The Laboratory made mance of the AN/SPS-17 was favored by the high
strong recommendations that the Navy retain transmitter power, low incidence of sea clutter, and

these bands, since experience had proven their increased energy reflected from aircraft at the lower
ability to provide good aircraft detection over frequencies. NRL furnished critical components of
long ranges, with equipment of low cost. This advanced design for this radar, including an antenna
capability is of consequence relative to the many duplexer, low-noise receiver, modulator, and perfor-
installations on smaller ships. Furthermore, echo mance monitor. The radar proved reliable in opera-
returns from aircraft were relatively stronger at tion and relatively low in cost. It was followed by a
the lower than at the higher frequencies. Not- series of radars of the same general design, includ-
withstanding the Laboratory's recommendations, ing the AN/SPS-29 (1958,89 procured), AN/SPS-
the Navy relinquished these lower bands; it 37 (1960,46procured),andtheAN/SPS-43 (1961),
was thought that the bands of 1300 MHz and 49 procured). Another version of the AN/SPS-17
higher would provide adequately for require- was developed which operated in the 400-MHz
ments, and with smaller antennas. During 1949 band. This was followed by the AN/SPS-31, a devel-
and 1950, Fleet investigations indicated that at opmentalmodel, andtheAN/SPS-4Oseriesofrad-
times the 1300-MHz radars failed to detect air- ars, of which a large number were procured.
craft targets at high altitude, whereas the 200-
NI Hz radars functioned satisfactorily. It appeared
that the presence of certain meteorological
conditions caused "trapping," or confinement, of
the transmitted and reflected energy to lower
altitudes at the higher frequency but not at the MICROWAVE SEARCH-FIGHTER
lower. A presidential Science Advisory Com- AIRCRAFT DIRECTION RADAR
mittee considered the frequency-assignment
problem and recommended a diversity of fre- The Model SM and SP radars were limited
quency assignments for radar. These and other in their fighter-direction capability, since only

considerations resulted in the Navy's reacquisi- one aircraft at a time could be observed. This

tion of the 200-MHz and 400-MHz frequency limitation required switching back and forth

bands for radar (1956). between our own and enemy aircraft to bring

To further the utilization of the lower about interception. For three-dimensional infor-
frequencies, particularly for low-cost instal- marion, these radars used a conical scanning
lations on smaller ships, NRL carried out arr.kngementwhich, while providing both azimuth
basic studies which resulted in the devel- and elevation data simultaneously, permitted

opment of the AN/SPS-17 radar (1950- observation only over a small solid angle (2
1956).19 This radar (200 MHz, 1.5 megawatts) degrees). At the end of the War, NRL par-
proved capable of detecting small jet-fighter ticipated in the development of the Model SX

aircraft with high reliability at essentially radar which for the first time provided an
horizon ranges and in excess of 200 miles aircraft-interception capacity limited only
for aircraft at sufficient altitude. NRL's work by the number of intercept operator displays
resulted in large-scale procurement of a series that could be accommodated aboard ship.
of radars based upon its design. This series This radar (S band, 1000 kW, I-microsecond
of radars was used on a variety of ship classes, pulse width), with some modification in sub.
with the larger antennas used on the heavier sequent models, was used extensively in the Fleet.
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MODEL SX RADAR

This radar was first to provide an aircraft interception capability limited only by the number of
intercept operator displays that could be accommodated aboard ship. NRL participated in its
development (1945). The antenna system comprises the element on the left for early warning and
the element on the right for height finding. The central structure behind end above the antenna
elements contains the transceivers for both elements, which operate on separate frequencies. The
transceiver structure rotates with the antenna elements, thus avoiding the loss; in rotary radio-
frequency joints.
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Forty five were procured (19 45).36-4 With operations, it was observed that its use would
some action-phase displacement, one intercept be greatly facilitated by employing displays
operator could easily handle two interceptions which would present at polar-coordinate map in
simultaneously. This radar was really a corn- terms of range and bearing of all objects "visible"
binat ion of two radar systems -one for search, to the radar system. In the Model XAF, the echo
the other for height-finding. The latter mechan- returns were displayed as vertical deflections of
ically scanned rapidly in elevation up to an angle a horizontal line sweep on the screen of a cathode-
of I I degrees, -aking available a display of ray tube (type A presentation). This method of
targe-ts in elevation continuously as the antenna display, providing only a fleeting indication of
structure rotated. The tight antenna beam avail- the ships and aircraft participating in the exercise
able at S band made possible far superior height- as the radar rotated, obviously was not conducive
tinkling accuracy at low elevation angles, as corn- to the ready comprehension of their relative
pared with that provided by the lower frequency disposition, as would be the case with a map-
radars, the broader beams of which could not like display. To provide a polar-coordinate
aVOid the low-angle returns reflected from the map-like display of targets, NRL originated
surface of the sea. However, due to the limited the radar plan-position indicator, or PPI
observational area provided by the conical scan 0 939-1940).41 The PPI, today, is universally
of the Model SM and SP radars, an operator was used by the military and commercial interests
likely to fix on a low-angle target image reflected of the world for the display of radar informa-
from the sea, rather than the true image, and thus tion for such functions as air and surface de-
miss an interception. This possibility was avoided tection, navigation, aircraft traffic control,
in the Model SX height-finding system, since false air intercept, and object identification. NRL
echoes were easy to spot on its range-height devised both the magnetic (rotating and fixed
displamy, which simultaneously showed all echoes coil) and electrostatic deflection types of PPI.
at any particular azimuth angle. The advent of In various forms, it provides an antenna-centered
the AN/SPA-8 series of plan-position indicators, visual display painted on the screen of a cathode-
with their correlated range-height displays, made ray tube, as the antenna rotates, through the
feasible the use of other search radars available radial scanning of its electron beam as it varies
Aboard ship. The search portion of the Model SX in intensity in response to the pulse echoes
radar could therefore be eliminated. This elim- returned from objects. During the 1939 Fleet
ination resulted in the Model AN/SPS-8 radar exercises, it was also noted that the display of

101 procured) (1952). To obtain greater range, radar information at remote points aboard ship
the cut paraboloid antenna was increased in would be of great assistance in carrying out such
size to 12 feet in height by 15 feet in diameter, functions as gunfire control target designation.
and the transmitter pulse power was raised to This need led to the development of the remote
2500) kW. The high-power klystron tube had radar repeater indicator. In developing the PPI,
become available, and by its use operational diffi- NRL introduced:
culties of the magnetron were avoided, including 1. Means to generate the radial scan of the
that of maintaining highly precise frequency electron beam from center to edge of the display,
control. With these modifications the radar was and means to synchronize the rotation of the
designated the AN/SPS-30 (57 procured, 1955). scan with rotation of the antenna4

2. Sector scan, picture offset with area expan-

RADAR INFORMATION DISPLAYS sion, and multiple range scales for more detail
and flexibility in observation0

During the Fleet exercises in early 1939, 3. Display of beacon responses to indicate
when NRL first demonstrated with the Model position for navigation and transponder markers
XAF, the impact radar could have on Naval adjacent to echoes to identify friend from foe" '
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4. Remote indicators for the conduct of the
several operational functions at remote locations
with radar information.45

NRL's PPI was firt utiliaed by incorpor-
ation in the experimental model of the SG
radar, which was installed and demonstrated
on the destroyer USS SEMMES in April 1941.
The Model SG became the Fleet's first radar to
be equipped with the NRL-developed PPI
type of presentation. Later in 1941, NRL devel-
oped a PPI for use with the Model SC radars-'
Utilizing the results, the Bureau of Ships pro-
ceeded to backfit the PPI to the Model SC and SK
radars. The need in combat for several radars
aboard ships concerned with command brought
About the close association of these radars in
one location and the evolution of the "Combat
Information Center" (C). Since the PPI's of
the early radars were incorporated into their
tr.ii nsevers, a compact arrangement of several
interftred with the effective utilization of the
data presented. This diffculty led to the sepa- v
ration of the indicator from the rest of the
radar transceiver. Thus, the PPl's could then be
unveniently assembled in the CIC and the rest
of the radar transceiver located elsewhere (see THE RADAR INDICATOR
Also Chapter 10, "Electronic Systems Integra- FIRST TO RECEIVE EXTENSIVE
tion"). The Bureau of Ships proceeded to NAVAL USE
procure a series of separate PPI's, with NRL
participation in the dev.. lopment. This series Ths enerapurloSe plan-ptod indjathrPDIli desigtnated the Model VD, was the
included the Models VC, VD, VE, VF, VG, VH, hrst to be prxured and installed on ships
YV. VK, VL, VM. VN, and VP, and the AN/SPA in larWe numbers I9.i ) It inorptorated
series. -4 The Model VD was the Fleets' first many of the features originated by NRL
satisfactory remote PPI. It was of the mechanical
rotating magnetic-deflection type, with four
fixed range scales. This display, known for its
o-erational simplicity, was extensively used two-foot diameter on a screen. The Model VK,
I-1 ;9  procured, 1942-194).i. The Model VE was procured in large numbers, was the first PPI to
uscd as an integral part of the radar transceiver, have a deflection system with a fixed yoke in-
or -is a remote PPI (980 procured, 1945). The stead of a rotating coil (1949). The Model VL,
Model VF provided an auxiliary rectangular also procured in large numbers, was the first
display of range versus azimuth angle (B pres- remote range-height indicator 1946). The Model
entation) for increased accuracy in fire control AN/SPA-4 was the first PPI to provide high-
(150 procured, 1945). The Model VG was the precision range and azimuth information for
first projection PPI (911 procured, 1945). It such purposes as mine and buoy placement and
utilized a four-inch-diameter dark-trace cathode- helicopter control (363-i procured, 1942-1%5).
ray tube, the image of which was projected to a It found extensive service use for many years.
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The Model AN/SPA-8 series was first to have a flight, aroused increasing interest in its ex-
continuously variable range scale (4 to 200 ploitation for gunfire control.2 It had been
miles), the first to provide off-centering of the standard Navy practice with existing optical
display to any point on the screen, the first range finders, after the best estimate of range
to have a wandering cursor, and the first indicator had been obtained, to fire one salvo beyond the
Adequately to display airborne early-warning target and one salvo short of the target, observing
radar (AEW) information aboard ship (large the two sets of splashes where the shells hit
procurement, 195 1). The Models AN/SPA-9, 33, the water relative to the target, and then try
;, and 59 were similar in design to the Model to hit the target with the third salvo. With radar
AN/SPA-8 (about 1000 produced, 1953-1960). it was possible to obtain direct hits with high
The Model AN/SPA-25 was the first solid-state accuracy on the first salvo. After completion
PPI. Its small sie was conducive to general use. of the trials of the Model XAF, NRL studied
Nearly 2000 were procured, and they remained in the Navy's optical-mechanical gun directors
service for a long time. The Model AN/SPA-66, and decided that the greatest improvement in
also a solid-state indicator replacing the Model performance quickly obtainable would be
SPA-S series, was in extensive use (large procure- through the application of radar to their "rang-
ment, 1965). ing" function (May 1939). The Laboratory was

then sponsored in proceeding with the devel-
opment of "a combined detector and range-
finder for main or secondary gun batteries."4'

FIRE-MISSILE CONTROL RADAR To provide the increased accuracy in range
indication needed in gunfire control, NRL

In September 1933, the Laboratory brought was first to develop a high-precision range-
to the attention of the Navy's Bureau of Ordnance determination radar technique using an
the possibilities for the control of gunfire indi- additional pulse inserted in the cathode-
cated by the results of its work at the higher ray-tube display, adjustable so that its position
ridio frequencies." It pointed out that a "beam" could he made to coincide with that of the
transmitter and receiver would be able "to detect echo pulse (1941) "--" The precisely known
.nd track an unseen ship or airplane," "take delay time of the additional pulse provided
ranges on any objects," "take bearings on a ship the range. NRL also developed the first auto-
or airplane by means of radio echo," and "give matic electronic following technique, so
an indication of the rate of change of range to that signals could be made available to
any object." "The accuracy would not be reduced the computer for automatic gun control
in hazy weather or at night," as was the case with (19 41).2"bh0s, These techniques were im-
optical fire-control systems. At that time, NRL mediately applied to forthcoming radars.
had under development electron tubes and cir- With the automatic following technique, ranges
cuits which, when available, would be able to could be held automatically within l0 yards.
operate at a high enough frequency to provide Automatic operation was first applied to range
sharp beams with antennas of a size acceptable control in the Model CXAZ (Mark 5) experi-
for shipboard installations for such use. *"-" mental fire-control radar (1942). The Model
However, sponsorship for the application of CXBF (Mark 6) experimental fire-control radar
the NRL techniques to gunfire control was not became the first to have fully automatic tracking
immediately obtained. NRL's demonstrations of (1942). NRL's automatic following technique
radar during 1936 and the performance of the was incorporated into the Army's Model SCR
Model XAF radar aboard the USS NEW YORK 584 radar, which was sucessfully used by the
in early 1939, which showed its ability to spot British in the defense of Britain against the
shots accurately and to track projectiles in German "buzz bombs."
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To expedite the availability of radar in and continuously scanning in elevation, at-
the Fleet, NRL in July 1937, at the request of tached mechanically to the radar antenna, was
the Bureau of Engineering, disclosed all the added to avoid the difficulty IMark 22). The
technical details of its radar work to represent- first Model FD radar was installed on the USS
atives of the Bell Telephone Laboratories in the ROE in September 1941. The Model FD was
hope that they and their affiliate, the Western followed by the Model FM (Mark 12), also with
Electric Company, might undertake the produc- a sequential lobing antenna for "train" and
tion of radar equipment.4T M  In view of their "nodding" for elevation (7(X) MHz, 250 kW
lack of experience in this field they were reluctant pulse, 700 procured, 1943)." The first radar
to engage in equipment production, and instead to scan continuously in azimuth, the Model
proposed to proceed with the development of FH (Mark 8), was developed for main anti sec-
electron tubes which would provide higher oid,,ry battery fire control against surface
powered pulses at higher frequencies. It April targets (3(X)O MHz, I(M) kW pulse, 179 pro-
1940, their techniques were sufficiently advanced cured, 1942).1 This radar's antenna comprised
to place them in a position to accept a Navy it group of polystyrene rods arranged three
contract to produce surface fire-control equip- high by 14 wide, to provide a beam 2 degrees
ment.4s The Western Electric Company and in azimuth anti 6 degrees in elevation. Motor-
NRL cooperated closely in developing the driven, continuously variable waveguide phase
"range only" equipment, the first of which was shifters provided scanning through 30 degrees
designated the Model CXAS and later the in azimuth. The Mark 8 was followed by the
Model FA (also called Mark I; 700 MHz, 25 Mark 13 radar, the horizontal scanning of which
kW pulse).4' The first equipment was delivered was accomplished with a nodding type of antenna
to the Navy in December 1940 and installed which provided a twofold improvement in
on the USS WICHITA during July 1941. Pro- azimuth angle accuracy (8800 MHz, 107 pro-
duction of ten began in June 1941. The Model cured, 1945).
FC, also called Mark 3 (70) MHz, 40 kW pulse), These several radars were used with the
followed (1941), and included means to provide different models of directors and computers
the azimuth bearing of the target namely "train," to provide control of the fire of the various
through the use of an antenna "sequential lobing" sizes of guns aboard ship, including the 5-inch,
technique. This technique included two antenna 16-inch, and antiaircraft guns. For the launch-
beams placed side by side and displaced by ing of torpedoes by our submarines against
a small angle. The azimuth bearing was provided enemy shipping, NRL developed the first
by sequentially switching between the two radar to utilize a periscope as a waveguide,
beams and training the antenna until the signals topped by a reflector to provide precise range
received on the two beams were equal in mag- data while submerged, the Model ST (8800
nitude. The first Model FC was installed on the MHz, 85 kW, 0.5 microsecond pulse, 400 pro.
USS PHILADELPHIA in October 1941 (125 cured, 1944)." The antenna arrangement with
procured). Subsequently, the sequential lobing its small reflector, shaped to minimize the sil-
feature was extended to provide elevation- houette, permitted radar-guided torpedo launch-
angle determination for antiaircraft purposes ing while the submarine was submerged.
in the Model FD radar, also called Mark 4
(700 MHz, 40 kW pulse, 375 procured, 194 ).5',8 These several kinds of fire-control radars
This elevation "lobing" feature gave difficulty saw important service during World War II.
with lower angle targets, since in its use an op- A large number of them continued in service
erator tended to track the "image" of the air- many years thereafter. The battleship USS
craft reflected from the surface of the sea instead NEW JERSEY carried a Mark 13 fire-control
of the aircraft itself. A beam antenna, "nodding" radar during its 1968-1969 bombardment in
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60834(392)

EARLY GUNFIRE-CONTROL RADAR,
MODEL FD (MARK 4)

NRL participated in the development of this radar. The transceiver
is shown below. Two antennas mounted on Mark 3" optical direc-
tors are shown above. The antenna on the left has mounted on its
right an elliptically shaped "nodding" antenna, the Mark 22,
used to avoid inaccuracies in height measurement due to sea-
surface reflections experienced with the main antenna.
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Vietnam with its 16-inch guns in support of our MHz, 30 kW pulse, 30 procured, 1942)." This
military forces, over 20 years after this model was followed by the Mark 10, or Model FL (3000
radar first became available! MHz, 30 kW pulse, 406 procured, 1942 to 1943)

and the Mark 25 (9000 MHz, 70 kW pulse,
420 procured, 1946). Subsequently, a series
of conical-scan antiaircraft gun-fire-control

The development of conical-scan radar, radars was developed, which included the Marks 28,
in which NRL participated, considerably ad- 29,34,35,37, and 39, and the AN/SPG-48, 50, and
vanced our capability to defend our ships 5 3.m,61 Procurements of these radars totaled in the
against attacking enemy aircraft (19 42)." This thousands. Considerable use hasbeenmadeof coni-
type of radar uses an antenna beam, offset from cal scan in airborne radars, including the Models
the axis of a parabolic reflector, which describes AN/APS.25, 28, 67, AN/APG-25, 26, 51, AN/
a conical path as it rotates about the axis of APQ-35, 36, 41, 42, 43, 47, 50, 59, 72, 100.u
the reflector. As the beam rotates, the received Conical-scan radar was first applied to
signal is produced continuously for processing the guidance of missiles by NRL in its devel-
and display. At the time of availability of the opment of the Lark missile, the first beamrider
(Abical-scan radar, it became possible to generate missile (1947). A Model SP radar was modified
sufficient transmitter pulse power at the higher so that a conical-scan antenna beam provided
frequencies to provide effective aircraft ranges this missile with data to guide itself along the
with the use of reflectors small enough to be course to the target, established by directing
compatible with the maneuverability required the radar beam. To provide greater portability
of antiaircraft gun directors. The tighter antenna in determining the performance of the Lark at
beams resulting enhanced the angular accuracy. remote Navy missile test sites, NRL modified
The early conical-scan radars used a rotating- the Model SP-IM radar similarly. An additional
dipole type of antenna which, as the beam modification made it suitable for use in NRL's
rotated, caused continuous change in polar- development of the Skylark missile-guidance
ization of the transmitted pulse emissions. Since system, the first to have "automatic command-
the reflection characteristics also varied with guidance" (1948). "Conical-scan-on-receiver-
polarization of the incident energy, the return only," an arrangement used by NRL as early as
echo was adversely affected. The attending 1943, was first employed in the Model MPQ-50
modulation was a major factor in distorting the radar and then in the Model AN/SPG-51 radar,
return signal. To avoid this difficulty, the reflec- used for guidance of the Tartar missile (1951).
tor's waveguide feed was arranged to "nutate," This arrangement has the advantage of avoiding
rather than to rotate, so that the polarization interception of the scanning information, but
of the transmitted pulses remained unchanged at the expense of additional transmitter power
as the beam rotated in azimuth. Because of to compensate for the lower antenna gain on
the congestion of channel assignments in the transmission.
S band, and the practicality of the correspond-
ingly smaller parabolic reflectors at the higher
frequencies, conical-scan radars were placed MONOPULSE RADAR
principally in the X-band region. The relative (SIMULTANEOUS LOBING)
simplicity and low cost of the conical-scan
radars resulted in their widespread use. The In conducting investigations to increase
first conical-scan radar available to the Fleet the angular accuracy of the sequential-lobing
was the Mark 9, also the Model FJ, (3,000 and conical-scan types of fire-control radars,
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NRL found that the pulse-to-pulse changes in repective sides of the axis of the antenna reflector,

target-reflection characteristics and the long had to be compared to obtain the angular error

period required in the comparison process to required for training and pointing. Furthermore,

obtain the angle data were major factors in in both systems, during the comparison process

limiting the accuracy.8 NRL had devised an the effective antenna beamwidth is broadened

electronic sequential switching technique considerably, and full advantage cannot be taken

which gave increased angular accuracy by al- of its angular discrimination capability.
lowing switching at high speed, as compared To overcome the angular limitations

with mechanical switching, and also avoided the of existing radars, NRL developed the first

mechanical troubles inherent in the latter monopulse radar, in which angular deter-

(1943).63 However, in both systems, paired trains minations are made simultaneously on each

of echo pulses, successively received on the individual received pulse. This new type

FIRST MONOPULSE RADAR

The experimental monopulse radar shown here was developed by NRL It was the first radar of its type to provide effective opera

tional performance. D. D. Howard (left) in charge of the proiect, and his assistant, M. C. Licitra, are shown.
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of radar provided a tenfold improvement in oped for Fleet operational use, the Mark 49,
angular accuracy over that previously at- later designated the Model ANISPG-49 (1948),
tainable in the training and pointing of fire was intended for gunfire control but instead
and missile control radars at the longer ranges was used for the guidance of the Navy's Taos
(194 3 )." The monopulse technique was first missile aboard the Nlvys guided-missile ship,
applied to the Nike-Ajax missile system, the the USS GALVESTON (CLG-3) (1957). The
first U.S. Continental Air Defense System. AN/SPQ-5 monopulse radar, which was devel-
The radar of this system was patterned after oped about the same time (1950), was used to
NRL's experimental model (1946). Subse- provide guidance for the Terrier missile aboard
quently, monopulse radar became the standard the Navy's first operational guided-missile ship,
radar for U.S. missile ranges. Monopulse the USS BOSTON (CAG-1, now CA-69), fol-
radar was used extensively in a variety of Navy lowed by an installation aboard the USS CAN-
systems. The first monopulse radar to be devel- BERRA (CAG-2, now CA-70). A succession of

THE FIRST RADAR DESIGNED ESPECIALLY FOR MISSILE RANGES. THE ANIFPS-16- (XN-I)

This radar, developed iointly by NRL and RCA, the contractor (1956). was installed at Cape Canaveral and used in guiding the
launchings of the first U.S. satellites placed in orbit, the Explorer I, on 31 Jan. 1958, and the Vanguard on I 7 May 1958.
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monopulse radars for tracking and guidance of long-range patrol seaplanes, was used principally
Navy guided missiles ensued, including the by the British to hunt down and bomb German
Model AN/SPG-55 (1956), used for the Terrier submarines in the Atlantic. Radar tremendously
missile, the AN/SPG-56 (1960) for the Talos widened the area which could be covered by
missile, and the AN/SPG-59 (1959) for the patrol planes in sea surveillance and forced
Typhon and Super-Talos missiles. Many mono- enemy submarines below the surface of the
pulse radars were in active service for many years, ocean. This deprived them of the freedom they
particularly the AN/SPG-49 and AN/SPQ-5. needed to cruise on the surface, which was

In the monopulse reception system, a four- necessary to charge batteries and obtain fresh air,
horn antenna feed assembly delivers the echo and placed them in a precarious situation. The
returns to a hybrid network, which simulta- Model ASB radar was used in the first raid on
neously compares the outputs of the horns Truk Island (February 1944), which represented
and provides difference signals for indication the beginning of the major organized U.S. retalia-
of angular error in training and pointing and tion for the Japanese attack on Pearl Harbor. This
summation signals for range tracking. In trans- radar, installed in the TBF carrier-based torpedo
mission all four horns are used jointly, or an aircraft, was used effectively in attacking and
additional centrally located horn is employed, destroying Japanese ship convoys in the Pacific.
NRL, in seeking the maximum potential of the It was also effective against Japanese aircraft
new system, continued development of the and was instrumental in helping to destroy a
monopulse system through an extended period, number of them. A considerable number of
with particular attention to the improvement Model ASB radars were still in active aircraft
of components and the reduction of tracking service at the close of the war. They were ulti-
angle noise.u mately replaced by radars operating at the higher

frequencies.
AIRBORNE RADAR NRL's radar, labeled the Model XAT in

L.xperimental form, was designated the Model
Prior to the entry of the United States AS13 when procured (515 MHz, 200 kW, 2-micro-

into the war and in anticipation of having ,.cond pulse). In developing the radar, NRL
to contend with the German submarine converted a 500-MHz pulse-type altimeter it
menace, NRL developed the first American had completed and provided components more
airborne radar, the Model ASB (19410.6d.28, suitable for the air-search function. These
This radar saw extensive use during the war, included an antenna system with duplexer and
not alone by the U.S. Navy and Army Air two directional antennas mounted on opposite
Forces, but also by the British. It was installed sides of the aircraft, which could be directed
almost universally in the U.S. Naval aircraft either abeam the plane for searching a wide
and became known as the "workhorse radar path (50 miles) for targets, or forward, with the
of Naval aviation." Over 26,000 equipments beams partially overlapping for homing in
were procured, the largest procurement of attack. The transceiver was arranged to be
any model radar (1942-1944, RCA, Bendix, switched rapidly between the two antennas.
and Westinghouse Electric Companies). Be- The received echoes were displayed on a cathode-
sides its search and navigational functions, it was ray tube as pips, opposite each other on the sides
found effective in dropping bombs and launching of a vertical line. In attacking targets, the air-
torpedoes, and in homing aircraft back to bases, craft was turned, right and left, until the pips

The Model ASB was the first radar to be were equal in size, which indicated that the air-
used in carrier-based aircraft. The first United craft was headed directly toward the source of
States night-fighter aircraft (F4U, Vought) were the echo. The position of the pips on the line
equipped with it. This radar, installed in PBY indicated the range of the object.
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Before the Model ASB production equip- AN/APS-2 (Philco). During late 1942 the Navy
ment was released, NRL modified the Model installed this radar on K-type airships to track
ASV airborne radar (176 MHz), given to the down submarines. It was also installed on Navy
United States by the British. This radar had PB4Y-2 patrol aircraft. The PB4Y-2, then under
a large, cumbersome antenna system which sub- development, became the first aircraft designed
stantially reduced the speed of aircraft. At that to provide special accommodations for radar.
time the British were forced to use separate The radar, with its map-type PPI presentation,
transmitting and receiving antennas for both provided observation of ships up to 60 miles
beams, since they did not have the duplexer away and submarines at shorter distances. It
which NRL already had developed. NRL modi- helped to sink thousands of tons of enemy
fied the British radar, incorporated the duplexer, shipping. Over 5000 of these radars, with various
and made it more acceptable for airborne oper- modifications, had been produced by the end
ations. It was then designated the Model ASE, of the war.
and hundreds were produced on a crash basis. Much greater equipment compactness was
However, the Model ASB radar, operating at achieved when multicavity magnetrons became
higher frequency with a much smaller antenna lvailable at X band. With smaller size available
system and having considerably less weight, was due to the threefold increase in frequency, the
found far superior to the Model ASE in both antenna and associated components could be
performance and operational acceptability. mounted in a streamlined nacelle hung under
At the time of NRL's development of the Model wings, on wing tips, or at midwing of small
ASB radar, a contract was placed with a com- aircraft. Other parts, such as the indicator and
mercial concern for a radar designated the Model modulator, could be accommodated within the
ASA (400 MHz). Two experimental models fuselage. The Model ASD radar (Sperry), later
of this radar were made, but in trials gave poor designated the ANIAPS-3 (Philco), was the first
performance. The radar was not put into pro- to have this type of configuration. It could
duction, but was abandoned in favor of NRL's detect ships up to 300 miles away with its 150
Model ASB. degrees of azimuth forward vision.68 It could

detect a submarine reliably at a range of 15
AIRBORNE MICROWAVE RADAR miles, and a medium-sized bomber at eight miles.

This radar, available in 19-. proved valuable
After the Model SG microwave shipborne for aiming bombs and torpedoes as well as

radar development had been initiated, the Navy, for search, homing, and navigation. The radar
with the aid of the Radiation Laboratory and was installed in types TBF and PV-1 aircraft
NRL, sponsored a series of airborne radar devel- and was used for aircraft interception (Al) and
opments with commercial organizations based rudimentary gun direction against enemy air-
on the British multicavity magnetron and NRL's craft. Squadrons based in the Aleutians were
duplexer and display concepts.6 d.2 'l

k.
67 The able to fly through fog to the Kurile Islands

promise of better performance and much more and to blind bomb Japanese shore installations
compact and lighter equipment with the use of with aid of this radar.
frequencies considerably higher than that of A lightweight version of the X-band Model
NRL's Model ASB radar was particularly at- AN/APS-3 more suitable for carrier-based
tractive in increasing the combat capability of aircraft installation, known as the Model ASH
aircraft. In the series, the Model ASG S-Band (later the AN/APS-4), was produced (Western
radar (Philco) was of particular significance, Electric, 1944).69 This equipment also took the
and the first to become available in quantity. form of a streamlined nacelle that could be in-
When the Army Air Force became interested Stalled on aircraft in the several wing positions.
in this radar, it was redesignated the Model The radar was first installed on type SB2C planes,

2
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60834 (H-398)

X-BAND AIRBORNE RADARS

Model AN/APS-4 airborne radars are seen mounted under the wings of the type TBM torpedo bomber aircraft. This radar was the
first to utilize a streamlined nacelle. NRL participated in its development 11944) More than 1200 installations were made during
World War 11.

and by April 1945 more than 1200 installations conical for gunlaying. Its frequency was X band,
were completed on such aircraft as type TBM with 40-kW pulses as short as 1/4 microsecond.
torpedo bombers, type F6F night fighters, and Many hundreds of this model radar were installed
type SC-1 Seahawks. Many thousands of these in fighters such as the type F6F-5N. Its peak of
radars were installed during the latter part of usefulness was reached in the last phases of the
the war. This radar helped to find enemy shipping war in the Pacific, when it made an important
and to dive bomb or launch torpedoes in destroy- contribution to overcoming enemy aircraft.
ing it. It also helped in navigation through storms The APS-6 was the only Al radar possessed by
and homing on beacons at great distances. the services during the war years that was small

A highly specialized type of radar was needed enough for single-engine aircraft.
for night-fighter aircraft. The first such equip-
ment was the Model AIA (Sperry), which
was redesigned as the Model AN/APS-6 (West- POSTWAR AIRBORNE RADAR
inghouse). This equipment was capable of
detecting and tracking enemy aircraft in a large After the war, NRL continued to provide
cone of space up to six miles ahead of the fighter, technical consulting support to the Bureau of
and then directing the pilot to a close-in range, Aeronautics for advancing airborne radar capa-
where it functioned as a blind gunsight. Its bility. The wartime activities of the Radiation
presentation on search was spiral, but it was Laboratory had then been terminated. Toward
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the end of the war, it had been planned to com- involved. NRL was first to determine a method-
bine the best features of the AN/APS-4 and ology by means of which the parameters
AN/APS-6 radars to provide both a search and of the airframe, radar, missile, and other
.in intercept capability in one equipment for critical adaptable components of airborne
night fighting. Subsequently, this radar, desig- weapon systems can be adjusted to meet the
nated the AN/APS-19 (X band), was developed requirements of the mission, threat, tactics,
in a size small enough to fit into the type F8F and environment to provide an integral
aircraft ther given acceptance as a first-line system having maximum combat effectiveness.
tighter ( 1946).70 The radar's scope presentation The results of NRL's work have been applied
had several selectable scans, which gave it greater generally to modern interceptor aircraft73
flexibility and coverage for both search and NRL first applied this combined systems
gun-aiming functions than had previously been technique to the type F4D aircraft and its
available. However, it was still necessary to AN/APQ-50 radar (Westinghouse, 1953).
steer the plane manually to align the fixed guns This radar was redesigned by NRL to meet
with the target. Automatic airborne gun-laying the system criteria. The radar had a stabilized
%%as first achieved with the X-band Model antenna for its search function and a computer
AN.APQ-.5 radar, used in the type F3D-1 for the direction of guns and rockets, with adapta-
aircraft with 20-millimeter guns (1946 ).i tions for use with guided missiles. The AN/APQ-
this aircraft was the Navy's answer at that S0 radar also featured a single package, a design
timc to the problem of providing the services tnow followed universally in interceptor radars.
with a satisfactory "all-weather" fighter: pre- NRL's system treatment was also applied to
vious aircraft were deficient due principally the type F3H interceptor aircraft and its AN/
to unavoidable compromises made in converting APQ-51 radar (Sperry, 1953). This radar was
the available day-fighter aircraft. The AN/APQ- provided for the guidance of the Sparrow I
35 was really three radars combined: the AN/APS- missile, the first air-to-air guided missile, which
21 for search and intercept, the AN/APG-26 for %.Is then about to become operationally available.
ozunlaying, and the AN/APS-28 for tail-warning. It had been planned to use the AN/APQ-36
To provide search, track, and gun-aiming capa- r.ad.ar for the guidance of the missile, since this
bility for jet-fighter aircraft (F2H-3N and r.idar had a semiautomatic all-weather capability.
F H). the Model AN/APQ-,1 I radar was devel- I Hiowever, it required a two-seat aircraft to accom-
owed ( 1951).72 It was capable of locking on iflodlate it. The AN/APQ-51, designed as a
And tracking a selected target of the B-29 aircraft single compact package, was more suitable for
type at a range of about 30 miles. It could track use in a single-seat interceptor.
targets with a maximum relative target speed NRL's weapon-system technique has been
of 900 knots. applied to a succession of interceptor aircraft

weapon systems using guided missiles, includ-
AIRBORNE WEAPON SYSTEMS- ing the Sparrow 11, Sparrow III, and Side-
GUIDED MISSILE RADAR winder missiles. The types of aircraft and radars

involved include the F8U-I with the AN/APS-67
Up to this time the interceptor-fighter air. radar (1956), the F4H-l with the AN/APQ-72

craft, its radar, weapons, and appurtenances radar (1957), the F8U-2NE with the AN/APQ-83
had not been considered from the combined radar (1960), the F8E with the AN/APQ-94 radar
systems viewpoint. Instead, the system compo- (1961), the F4J with the AN/APG-59 radar
nents had been designed and arranged indepen. l 968), and the F8J the AN/APQ-124 radar
dently without due consideration of their mutual ( 1968). The system, including the type F4J air-
compatibility and the effects of their character- craft and the AN/APG-49 radar, has been desig-
istics upon the mission, threat, and tactics nated the AN/AWG-10 aircraft weapon system.
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THE AIRBORNE WEAPON SYSTEM FIRST TO U'TILIZE INTEGRAL SYSTEM METHODOLOGY IN ITS
DESIGN TO PROVIDIF MAXIMUM COMBAT EFFECTIVENESS

'rhis nivtho~ologN., v wJ h NR_ %I. i pplicd hA NRI , 1'Si in its AN AP 50S( radar, shown here mounted on An F4D
Sk~ r.ty. to r 1w i the % tmirir r.i NR RI mci hodo ,g% ha, hvenii pp i d to a scries o i nter cep r aircraft usi ngzguided mi ssiles.

ntlUlini tr.Sp.arn . 11. Sp.irro'% 1i nd Sie in c

This SSstcrn. And the others enumerated bit minor modifications, it has utilized the Navy's
ito and inc~luding type FIHI1-1 irraft with the system, employing the type F4H.1 aircraft
AN/APQ-72 (1957), were used extensively in the with the AN/APQ-72 radar and the Sparrow
Navy. The NRL system technique was used in III missile. This aircraft was relabeled the

*the design of the AN/AWG-9 weapon system type F4C, and the radar, the Model AN/AP Q-
lfir the type F-111I interceptor. This aircraft 100) (1963). More F4C interceptors are now

his been superseded by the new type F-14, used in service by the Air Force than any
now underway, which will use the Phoenix other type aircraft. The Air Force has con-
inissile. The AN/AWG-9 is the first airborne tinued to apply NRL's composite-systems
interceptor weapon system to employ digital technique to its later interceptor-aircraft
techniques in its fire-control computer to achieve designs.
greater computation accuracy in weapon guid-
ance. It is also the first to have an airborne
planar slotted array antenna to provide a sharper AIRBORNE EARLY WARNING
beam. RADAR (AEW)

The U.S. Air Force has adopted the NRL
composite-systems technique in the design AEW radar, devised during the war to meet
of its interceptor aircraft systems. With an urgent need arising in the Pacific area, has
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THE NAVY'S LATEST AIRBORNE WEAPON
SYSTEM. CAPABLE OF ENGAGING

SUPERIOR NUMBERS OF ADVERSARIES
IN ITS ROLE AS FLEET DEFENSE INTER-

S CEPTOR AND AIR-SUPERIORITY FIGHTER-
THE AN/AWG-9 (1973)

This system is based oin the NRI.-dvveloped methodol-
o'gy which requires the characteristics ot the airframe.
radar, missile, ;utid other critical components of weapon

systems toi be adjusted toi those of the mission, threat.
tactics. and environment. to provide maximum combat
effectiveness. The Navy type F-Il fighter aircraft is

shown with the Phoenix long-range missile. The radar
is seen in the nose of the aircraft.
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since grown in stature to become a major com- (S band, one megawatt, 1944).7 The antenna

ponent of Naval aviation, with a vital role in of this radar was carried in a bulbous radome

air defense. Shipborne radar had been found below the fuselage of the aircraft, to minimize

deficient in detecting low-flying Japanese air- interference with radiation by the plane's

craft making Kamikazi attacks. Airborne radar, structure. Detection ranges out to 65 miles

with its greater line-of-sight range when oper- were obtained on single low-flying aircraft, and

ating at high altitude in forward locations, out to 200 miles on surface ships. By the end

and with transmission of the radar video data of the war 27 installations of this system had
back to surface ships charged with command, been made in type TBM-3W carrier-based air-
was recognized as a solution of the problem. craft, but none reached combat service. After
NRL had developed an airborne radar equipped the war many additional installations were made
to transmit the video data to remote craft for in other types of aircraft.

display using components of its Model ASB Upon the closing of the Radiation Labo-

airborne radar (1943).74 This system comprised ratory at the termination of the war, NRL,

the Model AN/APS-18 airborne radar-link as requested by the Navy Department, continued

transmitter and the AN/ARR-9 link receiver- to provide technical guidance to contractors
display. Thirty of these equipments were pro- in advancing the capabilities of AEW radar.
duced. This system concept was utilized in the Higher transmitter power was provided in a

Model AN/APS-20 AEW radar-link system "' modification of the Model AN/APS-20 radar

9..~~w. . ~A.

THE TYPE TBM AIRCRAFT WITH AEW RADAR UTILIZING NRL'S SYSTEM CONCEPT.
THE MODEL AN/APS-20 (1944)

This radar was used operationally for many years. The bulbous radome below the fuselage of the ainrct afrries the antenna of
the radar
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(S band, two megawatts). A limited airborne including the antenna, duplexer, and low-
tighter-direction capability for air-intercept noise receiver, which were installed, together
control was provided by installing the Model with other components, in the type ZPG-2
AN/APS-20B radar in the type PB-lW land-based airship by the Lincoln Laboratory (MIT),
ircraft, which had sufficient space to accom- which provided the transmitter (1955).79

nodate a small combat information center (CIC). The success obtained with this radar in flights
Additional modifications of the Model AN/APS- over Atlantic Ocean areas led to the devel-
20E radar has seen a great deal of service. The opment of a series of UHF-AEW radars which
Model AN/APS-20E radar was used as a basis for has continued to the present day. The first
proceeding with advanced models of S-band AEW of these, the Model AN/APS-70 UHF-AEW radar
radars. It was modified by the provision of a tunable (425 MHz, two megawatts), was developed for
magnetron transmitter and a combined search and installation in the type ZPG-3W airship, the
height-finding capability. The new model, desig- largest nonrigid ship ever built, and the type
nated the AN/APS-82, was the first AEW radar to WV-2 land-based aircraft ( 195 7).8 NRL provided
use the monopulse technique for accurate angle the design for the antenna of this radar, which
determination (S band, one megawatt, 1975). A although large (40 feet wide by 6 feet high),
further modification involved the use of a klystron could be fitted into the craft. In tests over
transmitter with a master oscillator to provide the Atlantic Ocean areas, the Model AN/APS-70
frequency control necessary to alleviate difficulties radar provided an aircraft detection range
with mutual interference between radars operating improvement up to 40 percent greater than
in relatively close proximity, as required in certain existing microwave radars. The Navy procured
AEW aircraft operational situations. This equip- only a limited number of these radars, which
ment became the Model AN/APS-87 radar (S band, were used for AEW experimental purposes.
1.4 megawatt, 1957)7' This model was not pro- However, the U.S. Air Force obtained consider-
duced in large quantity. However, the Model AN/ able numbers of them for use with the AEW
APS-82 radar was procured in considerable num- aircraft.
bers for installation in type EIB AEW aircraft and About this time, the Navy decided against
was used extensively, the further use of the unwieldy airship and

large land-based aircraft as AEW platforms in
favor of carrier-based aircraft. NRL made several
contributions to the UHF radar for the new AEW
aircraft. The practice of mounting antennas
below the fuselage in blister-type radomes,
used previously for microwave radar, when
followed at UHF, resulted in serious distortion

UHF-AEW RADAR of antenna patterns and intolerable coverage
gaps due to reflections from wing surfaces.

The capability of microwave radar was severely An antenna-radome combination which rotated
limited by sea-clutter returns, which were as an integral unit mounted above the fuselage
considerably less in the UHF region. NRL in a saucer-shaped structure provided a satis-
had taken advantage of this lower sea-clutter factory solution to the problem. NRL developed
factor in its development of the Model AN/APS- a UHF horizontal, end-fire array antenna
I UHF shipborne radar. Success led to a proj- enclosed in a rotodome (24 feet across and
ect to provide a UHF-AEW radar. To contend 2.5 feet high), which as produced by acontrac-
with the adverse influence of sea clutter, tor was the antenna for the Model ANIAPS-96
NRL developed critical components of an radar used in the first carrier-based UHF-AEW
experimental UHF-AEW radar (425 MHz) aircraft, the type W2F-, Hawkeye, later
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THE FIRST AIRSHIP ESPECIALLY CONFIGURED FOR

UHF (425 MHz) AEW OPERATIONS, THE ZPG-2, (1955)

Success obtained in flights over the Atlantic Ocean areas with this installation led to the development of a series of UHF AEW radars. NRL
developed critical components for the radar, including the antenna, duplexer, and low-noise receiver.

designated type E2A (1960).81 This AEW direction capability against enemy aircraft, par-
aircraft was in extensive use throughout the ticularly high-speed aircraft. Existing auxiliary
Navy. Its rotodome antenna structure presents a height finders and several attempts to include
most striking appearance. It provides aerodynamic height finding in the AN/APS-'0 radar were
"lift" with low "drag" and a UHF radar antenna inadequate in either accuracy or target capacity.
beam of high gain and negligible distortion. NRL investigated the capability of various

proposed methods of height finding and deter-
The Navy planned to incorporate into the mined that only one showed promise to meet

Model AN/APS-96 radar height finding of requirements. Subsequently, NRL was first
sufficient accuracy to provide an efficient fighter- to develop and to demonstrate instantaneous
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THE FIRST UHF AEW AIRCRAFT LANDING ON THE CARRIER USS AMERICA-THE HAWKEYE (1966)

The design of the rotodome antenna atop this E2A aircraft (formerly designated the W2F-I) resulted from NRL's development. NRL also

contributed to its AN/APS-96 radar. Besides its AEW function, it provides an airborne CIC capability in intercept control of task-force

defense fighters intercepting attacking aircraft.

height finding, adequate in both accuracy following for both height-finding and search
and target capacity, for fighter-direction functions was provided for this radar. It was
by aircraft through the use of the time differ- arranged so that the data could be fed into the
ence in arrival of the target echo at the Navy's Airborne Tactical Data System (ATDS).
radar, via the direct and the surface-re- Another NRL contribution to the AN/APS-
flected paths (April 1960).82 This "time- 96 AEW rada:" related to moving-target indi-
difference" method was first utilized in the cation (MTI). MTI, intended to permit observa-
AN/APS-96 radar and wasfoundtobeofbenefit tion of moving targets through clutter, was then
to many subsequent Navy AEW radars. While not considered satisfactory for airborne UHF
NRL's demonstration was carried out over ocean operation. Effective clutter cancellation, a maior
areas, the method was shown later to have potential function in MTI, is dependent upon high trans-
for use over land areas where very high levels mitter frequency stability. This requires a master-
of clutter exist (September 1963). Automatic oscillator power-amplifier type of transmitter.
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Although the klystron-type tube was available ever, the advent of the snorkel-type submarine,
as a final amplifier, its very large size at UHF with its drastically reduced exposed surface
prohibited its use in aircraft. NRL developed and the resulting weaker radar echoes, made
a UHF master-osciliator power amplifier detection much more difficult. The use of the
transmiter having one-megawatt psw out- AN/APS-20 AEW radar, operating at higher
put from a single frol amplifier tetrode tube frequency in the microwave band, provided
with high-frequency stability which made stronger echoes but at the expense of more sea
satisfactory MTrI operstiowover ocean aesas clutter. Nevertheless, the higher transmitter
feasible in UHF radar for AEW aircraft power and sharper beam available at micro.
(1957). NRL provided guidance to a contractor wave frequencies provided higer poweromcentra-
(RCA) for the development of the retrode-type tion at the target, resultin~g in a net pin in detection
tube which was used in the transmitter, as capability. Considerable use was made of frequen-
modified, for the AN/APS-96 AEW radar. cies in this region in radar for the detection of

Very high levels of clutter are encountered submarines.
in observing aircraft targets passing through Since the war, NRL has been the principal
areas adjacent to or over land, as is required source of data on the characteristics of sea
in certain operational situations. These levels clutter, the primary factor in limiting radar
are very much higher than those experienced in detecting submarines." The data have
over the sea, and are extremely high over high been utilized in the design of improved ASW
building concentrations. The Model ANIAPS-96 radars, including the AN/APS-44 (1953),
AEW radar was seriously limited in dealing AN/APS-38 (1955), AN/APS-80 (1959), and
adequately with these very high clutter levels. AN/APS-116.8 To obtain the data, NRL has car-
NRL, through extensive Rights with its ried on a series of investigations using its aircraft
aircraft over the various types of terrain which equipped with multifrequency radar, obtaining data
might have to be traversed, obtained clutter- on sea clutter as a function of frequency, polarinza-
level data to serve as a basis for the develop- tion, pulse width, elevation angle, sea state, and sea
ment of improved clutter cancellation in MTI surface aspect with respect to wind direction. NRL
systems for forth coming AEW radar. The data was first to demonstrate the increased capability
were used in designing the MTI system for the of detecting submarine snorkel and periscope tar-
AN/APS-i 11 radar for use in the type E2B. gets in various sea states by virtue of the large
AEW aircraft; this system became the next reduction in the amplitude of sea dutter resulting
in the series of UHF-AEW radars (1963)." from the use of radar with extremely short puls
NRL headed the Navy's team, comprising (1950).8
representatives from several Naval organizations, The AEW type aircraft has continued to
for the performance evaluation of this radar. be used for sea surveillance. However, ASW
The Model ANIAPS- l I radar was not produced aircraft have been developed equipped for both
in quantity but served as a prototype for the surveillance and attack functions. The ASW
Model AN/APS-120 radar, which was used in the type aircraft is based on the integrated-system
type E2-C AEW aircraft. concept, employing several means of detection,

including radar and other equipment required
in effecting attacks on enemy submarines.

AIRBORNE SEA SURVEILLANCE RADAR
In the early wartime conduct of antisub- OVER-THEHORIZON (0TH)

marine warfare (ASW), NRIL's Model ASB air-
borne radar was effective in detecting submarines HIGH-FREQUENCY RADAR
which were forced to surface from time to time NRL's conception of extending the range of
to charge batteries and obtain fresh air. How- radar beyond line-of-sight distances using two-
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NRL'S TYPE P3A ASW AIRCRAFT, USED TO OBTAIN SEA-CLUTTER DATA

Since World War II, NRL has been the principal source ofdata on the characteristics of sea clutter, the primary factor in limiting
ASW radar in the detection of submarines. The Model AN/APS-80 radar, installed in the nose of the type P3A ASW aircraft.
is one of a series of such ASW radars based on design factors determined by use of NRL's sea-clutter data (1959).

way ionospheric refraction hinged on pioneering Prior to and during World War 11, priority
work it accomplished in 1926.87 At that time, was given to development of the required com-
during research on "round-the-world" pulsed sig- pact radars for ship and airborne operation,
nals on 20 MHz, "splashbacks" from earth promi- making imperative the use of meterwave and mi-
nences were observed from the first, second, and crowave frequencies. Inherently, this frequency
third earth-surface reflection zones. In con- range limited their operation to line-of-sight
sidering these splashback echoes, currently ranges. Furthermore, the very large beam anten-
termed "backscatter," it was speculated that nas necessary for operation in the high-frequency
there were possibilities of detecting and ranging band would not then be tolerated for Naval use.
on targets of interest through the backscatter at During the late 1940's, NRL foresaw the need
the respective distances via the ionosphere." for detecting moving targets, including aircraft
However, it was realized that new techniques and missiles, at distances and altitudes which
would have to be devised to deal with the combin- placed targets beyond line-of-sight distances.
ation of target signals and backscatter if an effec- The Laboratory proceeded with a program to
tive radar were to be provided, solve the problems involved, the most impor-

cant of which was the devising of means to
*See Chapter 3 for photo recording of backscatter separate target returns from the backscatter.
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FIRST OVER-THE-HORIZON RADAR (1954)

This radar, developed by NRL (1954) and known as "Music."

was the first to detect both atomic explosions at distances

out to 1 '00 nautical miles and missile launchings at distances

out to 650 miles 1195"-1958). Shown above is the radar's
26.6-MHz stacked-beam Yagi steerable antenna. Another
13.5-MHz Yagi beam antenna (not shown) was mounted on

the top of the roof house on the left. Below is shown the
receiving, signal-processing, and display equipment. The
transmitter (2 kW average. 50 kW peak) was located in an
adjoining room. The antennas and transmitter were also used
in a later development, known as "Madre," employing for
the first time magnetic storage and time compression for data-

7processing gain (fall 1958).
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Accordingly, considerable effort was placed on least in the 1000 to 2000 nautical mile range. At
determination of the frequency spectral distri- this juncture, it was further realized that an ability
bution of the backscatter, which fortunately was to detect aircraft at long ranges would also provide
found to be confined to a few cycles off the car- superior detection of targets of special interest.
rier frequency, sharply falling in intensity below NRL, by making use of backscater and hum
the noise level at the higher frequencies. From filters in combination with electronic storage
this background information, it was evident that tubes, active doppler tracking filters, cross-
a combination of advanced signal processing and correlation, and bandwidth narrowing, de-
high ratio of average to peak pulse transmitter vised and demonstrated the first successful
power, which had become available, would make over-the-horizon high-frequency pulse dop-
possible the detection of signals from aircraft at pier radar (1954). With this radar, NRL was

FIRST OVER-THE-HORIZON RADAR CAPABLE OF DETECTING BOTH AIRCRAFT AND MISSILE
TARGETS AT RANGES OUT TO OVER 2000 MILES OVER LAND AND SEA WATER (1961)

Over-the-horizon radar is currently in usc for the defense of the .:nited States. This NRL-developed radar, called High Power
Madre. was also hrst to detect low-velocity targets at ranges out to 1000 miles ( 196- The radar's large fixed antenna (;00 feet
wide, 1-') 0eet high) is shown in the toreground A smaller, steerable, iwo-clement corner reflector antenna is shown immediately
to the rear The adJacent building houses the transmitter 100 kW average. 5 MW peakl and the receiving, data-processing, and
display equipment The radar is loated at NRI's Chesapeake Bay site (view looking northwest) This site, obtained in 1941,

was sclected and subsequently devcloped primaulv for ridar research. although other types of research, particularly for electronic
countermeasures and radio ommunfatIon, have been conducted there One of the features of the site is a cliff overlooking the
bay. the height of whtih is in the rang- -f the a#irs of typicA.l shipboard radar installations In the background, a I5(0-ftio-
diameter parabohit steerable antenna use., tor general radar research can be seen
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first to detect missile launchings a ranges velocity targets (1967). President Lyndon
as much as 600 nautical miles and atomic Johnson, speaking in Sacramento, California,
explosions at distances as great as 1700 on 17 Sept. 1968, classed this development as
nautical miles (1957-1958). Due to the trans- "a major increase' in the United States cap,-
mitter power limitations, its aircraft-detection bility to detect hostile missile launchings
capability was limited to within line-of-sight against the free world. Over-the-horizon ra-
distances, or out to 180 nautical miles for this dar, he said, makes it possible to spot enemy
function. This radar was designated "Music," missiles from anywhere on earth seconds after
for "multiple storage, integration, correlation." they leave the ground.g Over-the-horizon radar
Initially, active filters would tend to cause lock-on is currently in use for the defense of the United
to the strongest target in the range gate. Sub- States.
suquently, the use of a bank of reed filters
permitted the display of multiple aircraft targets REFERENCES
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Chapter 5

RADIO REMOTE CONTROL-MISSILE GUIDANCE

INTRODUCTION at the low radio frequency used, a researcher
who later became an NRL staff member devised

Prior to World War I, experiments on remote a huge trailing-wire loop antenna that could be

control by radio had been carried out by several reeled out after the plane was airborne. The
investigators in this country, notably Nikola receiving antenna was a 300-foot insulated wire

Tesla (1898), Professor Harry Shoemaker (1905), supported on floats from the submarine at a depth
and John Hays Hammond, Jr. (beginning 1910), of six feet. The signal strength received in the

seeking to demonstrate the practicality of applica- submarine (SE-1420 receiver, two-stage audio
tion, particularly to torpedoes. The Navy had amplifier) from the aircraft transmitter (type

considered the Hammond system, and in order SE-Il 30, 85 watts, 188 kHz) at a distance of

to determine its vulnerability to countermea- five miles was found to be several times that

sures jamming engaged in a cooperative test of required to operate the control equipment. From
the system with Hammond. The USS DOLPHIN the propagation standpoint, it was concluded
was provided with equipment to jam the radio- that the feasibility of radio control of torpedoes

control circuit of a surface weapon carrier. In was proven.2 Work continued on the project,
the test the USS DOLPHIN was unable to jam and a successful run with an unarmed torpedo at
the carrier control circuit until within 250 feet a depth of six feet was made, with the controlling
of the carrier (1914). The government considered station about three miles distant, using 10 kW
the project ready for development as a service for transmission (150 to 200 kHz) for control
weapon. Congress provided funds, and the Presi- and a 150-foot trailing-wire antenna for recep-
dent appointed a Board with representatives tion on the torpedo. In final tests, the require-
from the Army and the Navy to oversee the ment of a 9000-yard run at a depth of 12 feet
project (1916).' After extended consideration, was met (1925). The project was terminated in
the Board was not convinced of the utility of 1932, with the government acquiring the Ham-
the system as demonstrated. Subsequently, addi. mond patent rights.
tional legislation transferred responsibility for After World War I, bitter controversy arose
the project to the War Department, and when this concerning the vulnerability of the Navy's
department withdrew from the project the capital ships to bombing by aircraft, with claims
responsibility devolved upon the Navy (1921). made that one bomb could sink a battleship. In

In 1919, the Navy on its own accord conducted preparing for tests to settle the matter, the Navy
an experiment to determine whether radio- designated the old battleship USS IOWA as a
frequency energy could penetrate the sea to a target ship and the battleship USS OHIO as a

submerged trailing-wire antenna and provide a control ship. The ships were equipped so that
signal sufficient to actuate a torpedo control the USS OHIO could control the USS IOWA

mechanism. An F-5-L seaplane from an altitude remotely by radio, with the latter unmanned. In
of 1700 feet was used to transmit signals to the testing the system, over 100 radio signals trans-
submarine N-6, submerged, simulating the mitted from the USS OHIO functioned properly
torpedo. To radiate effectively from the seaplane to maneuver the USS IOWA from a distance of
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8000 yards. On the day of the attack, 88 radio- was successfully used to maneuver the target
control signals were transmitted, all of which ships, the destroyer USS STODDERT (1925-
functioned. Attacking aircraft were able to make 1928), and the battleship USS UTAH (1932-
but two direct hits on the forecastle of the USS 1933).3 ,- The steering and throttle controls
IOWA, causing exceedingly little damage were operated through the employment of
(1921 ).3.4 Doomsday for battleships had not selector switches based on the teletype
yet arrived! Eventually the battleship USS mechanism using the Baudot code, resulting
IOWA, while being maneuvered under radio from NRL's early work on the remote radio
control, was sunk in Panama Bay at long range control of aircraft.
by fire from the 14-inch guns of the battleship
USS MISSISSIPPI. A representative from NRL FIRST FLIGHT OF A RADIO-
witnessed the operation from the USS CALI- CONTROLLED PILOTLESS AIRCRAFT
FORNIA, 1000 yards from the USS IOWA
(1923). To improve the capability of remote The Navy's interest in the development of a
control by radio, NRL devised a system which "flying bomb" resulted in a project to provide

RADIO REMOTE CONTROL OF SHIPS

LT). B. Dow (later a Commodore) is shown operating the radio equipment based on NRL's develop-
mnsfor remote control of ships (1932). The equipment was used to maneuver remotely the battle-

ship USS STODDERT.
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a radio remote-control system for such a weapon with a vertical handle, similar to the control
sponsored by the Bureau of Engineering, in stick of an aircraft, which could operate selective
cooperation with the Bureau of Ordnance. This relays simultaneously to provide for the several
work was begun by researchers who later became controls necessary to the flight of aircraft. These
NRL staff members (1922). The previously devices were first applied to a three-wheel cart
mentioned selector-switch control device per- system, christened the "electric dog," which
mitted only a single operation at a time, which, could be seen at intervals wandering about on
while satisfactory for the control of the target NRL's driveways. Using these devices, NRL de-
ships USS STODDERT and USS UTAH, was veloped the remote radio-control system for
not suitable for aircraft control, which required the first pilotless flight of an aircraft remotely
several functions to be controlled at one time. controlled by radio, precursor of the radio
To permit several operations to be controlled guided missile (September 1924).6,7a The air-
simultaneously, NRL devised a selective relay craft, a Navy type N-9 plane equipped with
using a tuned electromagnetically driven reed pontoon landing gear, was remotely con-
with a small, tuned steel wire attached, the end trolled by radio from the ground in its takeoff
of which formed the contact. The loose mechani- from the Potomac River near Dahlgren, Vir-
cal coupling between the reed and the wire ginia, guided on a triangular course, put
provided high mechanical selectivity at audio into glides and climbs, and then landed on
frequencies. NRL also devised a control switch the river. The aircraft had actually been flown

-" 60834 (H-19)

THE NRL -ELECTRIC DOG"

The "Electric Dog" could be seen at times moving along NRL's roads, remotely controlled
by a radio system devised by NRL (1923). This device was one step in the development of
the radio remote-control system for the first pilotless flight of an aircraft.
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-60&34 4H-54

THE FIRST FLIGHT OF A PILOTLESS AIRCRAFT

This aircraft (top photo), an N-9 float plane (No. 2602). was used in the first radio-controlled flight experiments near Dahigren,
Virginia (1924). NRL developed the radio remote-control system for these experiments. The radio-control equipment is shown
in the middle photo. The lower photo shows the ground-operated control panel, with control stick and relays.
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successfully under remote radio control during performance of aircraft advanced, permitting
the summer of 1923, but with a pilot aboard to be greater maneuverability and the use of evasive
available in case of failure. It is of interest that tactics, the Navy became increasingly aware of
the "control stick" used for steering the German the need for more realistic target-practice facili-
radio-controlled missiles released from aircraft ties than the uniformly moving sleeves. In May
during World War 11 was practically identical 1936, the Chief of Naval Operations requested
with that devised by NRL for this project. the Bureau of Aeronautics and the Bureau of

Engineering to proceed with the development
of unmanned radio-controlled aircraft to serve

RADIO REMOTE CONTROL as targets, later given the name "drones" by
OF TRANSMITTERS NRLU'le1 This work brought about a cooperative

project, with LCDR D. S. Fahrney (later RADM
To permit time-signal coverage of the Carib- Fahrney) as officer-in-charge, in which the Naval

bean Sea by transmissions from the Navy's radio Aircraft Factory at Philadelphia was assigned
station at Key West, Florida, NRL staff mem- responsibility for the aai'raft and NRL the
bers, prior to establishment of the Laboratory responsibility for the radio-control system
and their transfer here, provided remote radio- (1936).
control equipment which caused the Key West In carrying out its part of the drone pro-
station to repeat the time signals from the Navy's gram, NRL devised the first radio remote-
station at Annapolis, Maryland (1922).8 For the control system, including the electromechani-
control by the Navy Department of the first high- cal airfoil controls, with reliability adequate
power, high-frequency transmitter, NRL provided for satisfactory operation of the several
a radio remote-control system as a link from the flight functions necessary in the remote
Washington Navy Yard to the transmitter, which control of aircraft in flight. A simulated
was located at NRL (1924-1925).9 At that time drone including this system was demonstrated
wire lines for control were not available from by NRL to the Assistant Secretary of the Navy,
the yard to the Laboratory, and the link allowed then the Honorable Charles Edison, and many
the use of NRL's transmitter as soon as it became high-ranking Naval officers on 17 Feb. 1937.
available. In 1933, the Laboratory was requested During the demonstration, the drone was
by the Bureau of Engineering to demonstrate controlled by radio from a type TU-2 mother
the feasibility of the radio control of the several plane at distances out to 25 miles (19 Nov.,
radio transmitters at the Annapolis, Maryland, 1 937)3d1-12 For the system, NRL developed a
radio station from "Radio Control," located at new reed-type filter to provide the necessary
the Navy Department in Washington, D.C. This selectivity for segregating the transmitted audio-
assignment was accomplished, and at the same frequency modulated signals independently to
time the determination of propagation factors control the flight functions such as aileron,
was made over the circuit within a range of 30 elevator, throttle, and autopilot controls. In
to 100 MHz. The Navy's first operational trans- the new filter, the reed, driven magnetically by
mitter remote radio-control system capable of the signals at its resonant frequency, served to
the control of five transmitters at the Annapolis vary the magnetic flux through a coupled coil
Station resulted ( 1934).10 and thus provide the energy to actuate the con-

trol relay. This technique avoided the difficulties

RADIO-CONTROLLED DRONES encountered in the earlier filter, which used a
vibrating contactor. This system was further

For many years the Navy had used target improved later, in view of its vulnerability to
sleeves towed by aircraft to provide targets for jamming, through the use of the proper number
the training of antiaircraft gun operators. As the of closely spaced supersonic-frequency channels
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superimposed on the carrier frequency, with the radio-guided drone to the Fleet was given
electronic filters for segregation of the signals by Admiral Bloch, then Commander-in-Chief,
at the receiver. U.S. Fleet, who stated, "the firings against

NRL's radio-guidance system was used in radio-controlled target airplanes have proved
the first flight of an unmanned remotely of inestimable value in testing the efficiency
controlled target drone, made on 19 Nov. of the antiaircraft defense of the Fleet and in
1937.3'.. 1 The flight was made at Cape May, determining the procedures which should be
New Jersey, by a type N2C2 training plane used to make antiaircraft fire most effective"
remotely controlled from either the ground (1939).' In a letter to NRL, via t.ie Bureau
or a mother aircraft. The drone's throttle was of Engineering, the Chief of Naval Operations,
opened by control from the ground, and the plane then ADM W.D. Leahy, also stated "The
took off. When it reached an altitude of 200 practicability of using radio-controlled air-
feet, the controls were turned over to the mother planes in connection with Fleet activities has
plane, a type TG-2 aircraft, which controlled been conclusively demonstrated. Much of
the drone successfully for a period of ten minutes. the equipment was developed at the Naval
Two type N2C2 Navy trainer aircraft modified Research Laboratory," (1939).16
to use tricycle landing gear had been provided A Drone Service Group was organized as
for the initial test flights and were equipped Utility Squadron Three, and firing practice
with radio control. The successful performance was actively undertaken by the USS PORT-
of these radio-guided drones, involving 187 LAND in the San Diego area (1939). A Utility
flying hours during 1937, with few changes and Squadron was formed on the East Coast to furnish
few failures resulted in the provision of 12 type drone service to the Atlantic Fleet (1941). For
N2C2 aircraft equipped as drones. The conver- their consideration in the use of drones, the Navy
sion of other types of aircraft to drones followed, gave the Army an N2C2 drone and TG-2 con-
including the TG-2, 02U, and F4B types. The trol plane (1939). It was found that the supply
type BT airplane was equipped to serve as a of drones from the conversion of older aircraft
mother plane for the drones. A mobile vehicle could not keep up with the wartime demand for
was designed to provide for guidance control realistic aerial targets, so a small commercial
at shore bases and aboard ship. airplane, the Culver Cadet, was utilized. These

NRL's radio remote-control system pro- were procured for Navy use at the rate of 20
vided the guidance for the first drone to be per month and were designated the TDC-1 and
used as a maneuverable aerial target in this TDC-2 drones (1942). By 1943, the rate was
country, which was fired upon by the antiair- increased to 60 per month. The rate was further
craft guns of the aircraft carrier USS RANG- increased by 20 drones per month to meet the
ER (CV-4) on 24 Aug. 1938.13 Although well request of the British to supply requirements
trained, the gun crew failed to score a single for the Royal Navy (1943). To provide drones
hit on either of the two runs over the ship by which would match the performance of the higher
the N2C2 drone. Similar results were experi- speed aircraft then available, the Chief of
enced with the USS UTAH, formerly the battle- Naval Operations was requested to assign 36
ship BB-31, during nine dive-bombing practce type F6F-3 and 360 type F6F-5 planes for con-
attacks in September 1937; 1500 rounds of version to drones (1944). The Commander in
ammunition were expended. Chief, U.S. Fleet, requested that 100 war-weary

The rapid increase in the use of drones quickly F6F planes be made available as drones in order
revealed the inadequacy of our antiaircraft to carry out simulated "Japanese suicide" attacks
defense against maneuvered targets and led to against combatant firing ships of the Fleet (1945).
more rapid improvement of our fire-control The radio-guided drone, used extensively
systems. Recognition of the importance of during World War I1 for gunnery training and
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evaluation of effectiveness of defense against was first successfully demonstrated (August
enemy aircraft attack, also played a significant 1941 ).?eThe television and radio guidance
part in the development of the proximity fuze equipment was installed in a type TG-2 torpedo
during the latter part of 1942 and early 1943 plane used as a drone. Approximately 50 simu-
by providing a realistic flying target to prove lated torpedo attack runs were made with the
the effectiveness of this fuze. It also found assault drone under radio control, using the
special uses after the war. One of these was its television equipment to sight and effect colli-
use to collect data from the air on nuclear explo. sion track on the target. All runs except three
sions during the Bikini tests in the Pacific, were satisfactory. Control was established at
telemetering this to safe observation points ranges out to six miles. Later, a torpedo was
aboard ship (1946). The drone's utilization and launched against a destroyer by a type TG-2
development has continued, with considerable equipped as an assault drone under radio control.
current interest in its operational capabilities The torpedo, remotely controlled at a range of
with respect to both converted older aircraft six miles, passed directly under the full length
and new designs for special purposes. of the target (April 19 42).7d

The first complete simulation of a guided
missile was demonstrated using an unmanned

ASSAULT DRONES type BG-1 aircraft equipped as an assault

The ttaks n te US RAGERandthe drone with NRL's radio-command guidance
The ttaks n te US RAGERandthe system and remote observation by television.

USS UTAH by N2C-2 drones, remotely con- The drone, which was under control by a
trolled by NRL's radio command guidance sys- plane I1I miles distant, crashed through a
tern previously described, provided the towed battle raft off Leveley, Virginia (12
world's first successful demonstration of the April 1942).7e A Navy board of representa-
potentiality of guided missiles in the air-to-air tvs from theinestdNvbuasad

andsuraceto-urfce ateoris (938.7b16 the Office of the Chief of Naval Operations
The demonstration, accomplished through which witnessed the demonstration reported
radio control from both aircraft and surface that the capabilities of the assault drone as
ship under direct visual observation, brought awepnhdbnprv.Itascsird
about the realization that, with further de- tat weapo hd entainme prove.f a ondd
velopment, a new and powerful weapon of that thisar demnsthrato mfae anrofoun
war could be made available. This preceded guforad sines r of warfarpo e anud that
by over two years the first successful radio- geudedtl missle ofhge peotyol s
guided missile effort in Germany, its "glide soledty eolv. shedeonstton wlansfo
bomb" (December 1940). Following the followie byrther codertiopn ofece plan fo
demonstration, effort was directed to improve exrensieisie fuhereoment directeato.
the assault (unction of the drone. NRL was laggud-msiepormntrga.
designated by the Bureau of Aeronautics to To provide operations under all conditions
provide an interference-free radio guidance of visibility, not possible with television, NRL
system to avoid enemy countermeasures (1940).17 was requested by the Bureau of Aeronautics to
Television was introduced to permit control develop an assault drone guidance system using
beyond direct visual range and thus provide radar to replace television (1941).V-18 Accord-
greater safety from injury at the control point ingly, NRL was first to develop and demon-

during detonation and through enemy gunfire. strate a radio missile command-guidanceI
Using television for remote target observa- system in which target information from a

tion and NRL's radio-command guidance radar on an assault drone was relayed via
system, the feasibility of remotely controlled radio link to a remote-control plane. By

launching of torpedoes from assault aircraft using this information the operator directed
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T6E0

FUGHT OF AN UNM4ANNED REMOTELYCONTROLD TARGET DRONE
The fir'( flixhr (if an UManned target drone Was made 19onert 19',' at Cape May, New lerseY NRL's radio rm,goundrAn t

rotm wAnouer' n guiding the droe both from theAircraft.sn tni Plane An unmnnedJ type N ,t.'ruinag r eabeled D- I (Drone, 1) is shown in the upper Photoruogthr Aicataeotel y 1938- The lower Photo shows theorAirb r t re o ycontrolling the drone, after both are



RADIO REMOTE CONTROL- MISSILJE GUIDANCE

60834 (H-408)

AIRCRAFT MODIFIED FOR USE AS DRONE

The Lipvr photo ihovws A k 0%C UPOf An N'('-' modified fOr
usini rid ii .ontrojled fl ight exp'eri ietins The rel'11e -
conroil equipment used in tontrolling i he Am r.dr is shown

in the loucr photo

2;1



RADIO REMOTE CONTROL -1MISSILE GUIDANCE

the drone by radio control to collision with senrially an experimental effort.1" Nevertheless.
the target (June 19 43 ).i9 In developing this Assault drones saw some action during the war.
system NRL's Model ASB Airborne radar, The first combat use of an assault drone as a
suitably modified, was installed in the drone. guided missile was made against a target in
The system was demonstrated in flights Ag-ainst Helgoland, in the European theater, with a
ships moving in the Chesapeake Bay and Navy type ]PB4Y-l patrol plane as the drone,
.1gainst a lighthouse located in the bay, offshore loaded with 25,000 pounds of torpex. The
from NRL's Chesapeake Bay site. A total of 16 missile was successfully guided and exploded
hits were made in ten runs Against ships and on target by remote-control equipment pro.

eleven against the lighthouse. This system was cured as patterned on NRL's radio command-
designated the Model AN/APS-18 Airborne guidance system, with television for remote
radar-link transmitter and the ANi'ARR-t) link target observation (September 3, 1 944).Th

receiver-display. Thirty of each of these equip- The drone and the type PV- I control plane were
nienrs were produced. flown from England, maintaining a spacing ot

eight to ten miles. At a predetermined position

COMBAT USE OF GUIDED MISSILES near the target, the pilot of the drone switched

DURING \WORLD WAR 11 to remote control And bAiled out of the drone
for A sate landing. The hinal run to the target was

In proceeding with Adx-ancedj developmlent then made under remote control. LT.Joseph P.

And large-scale prOCtiremeit for operational Kennedy. brother of President Kennedy, lost

usec, it wvas onsidered that the first employment his life in A prior attempt to carry out this opera-

of radio-guided missiles should be widespreaid tion wvhen the drone exploded prematurely in

And In stiflic ivnt q.inti t(I to ca.tkh the enemly mid -air from .an unknown cause (12 Aug. 1914-).

cinprepaired. so as ito prov-ide o~pportunity tot In the South l'cif, .Irv'. nume11croui strikes

repeated atacks before the etinn could dec-lop with assaul t drones were mai aizai nst bypassed

tountermecasure's. Duri ng 10 1 planis \\ere uinder Ia.panesc strungi points in the li -ugat invilI c mdd

conSIde-raitioi at high oftcil 'N.i%- l I\ e tor Raibaiul areais of the North Solomon Islands

prodtIction IIf .issAItI d roint-s In numbehrs .s high Forty -six drones, converted typ-pe TIR dirt rat.

as- ;000. prodktic at. the raite ot .- pter 1110 M i 1id gizded hv con troI p lanies, were uised inii atacks

Ofhiil .ippro\.l \,as gzis-il ito prOLCL t-kdwth fI z~dc from b.ises on Stirling ind Green Islands
2000 dirontis The is scnibv Ia-nd t i.~ininc: 14 o peri d ur in). late September and okctober 1 0-14 1 I

ttionld grilis "as Aio 50Inlitiatedl the 1 tese atltit ks the drones were stripped for :oIII-

.icvisaibilitv of proceciinlg \\ith this largec number peesumneo oc lci hry

of assauti It drons wjis c hmI licd. '1n the basis ItV' dronues- rv.i, tied the tair~wt .irt.i .I.nd a1un tihed

o(Its 0 IiIS17rti pt io the pr10IM101ti1i on t c 0 1\Ctl ." % So me 1t (these mcre bi-ro tight doss- ii b

tiundl .iirc rait and the need tor obin tzrhr I iit ii r, raft t ire, and the television of othe'rs

proof oft ope-rdlionil apabihliv ( oiniianders In uld lcn iin rns"cc'sicsfli
thte PALt if expressed reluti k .1c )1 uste \0-li1t cxcttii itr.ta

the -cv Loiisid ered .iiin mdtcklu i tI1t tP ritc-ti 'St d1 Ii

whvich migiht interfere with ope-ratons sM i~ i RAl)10J-G1~lDFI) BOMIBS
ha~d been fotini siccst It w%.Is felt t(hat thte

c hairacr er of t he w%.ir had c hangzed, bet Intltig 9 e The applicaition of raud ito c ontrol the ciiret -

of raipid forward motion in which ocntnionaul t1ion of flight of bomlbs l.i1.n1101ed from aircrafti to

weipotis were serv-itng idcitiatelv Durn tg 101 Improv-e on target accuracy had been given

othci)il Navy- policy- w.is alterd rm'id .ilrge st ale considc-rat ion earls- inI World \\ari 11, but no suc.h
dirone procdtctioni plans we-c ctit bat k to cs- guided bombl haid been used by comibat forces
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. 60834 (H-4101

TYPE TDR ASSAULT DRONE BEING LOADED WITH BOMBS

A considerable number of these unmanned assault drones were launched against
Japanese targets in the fall of 1944.

until 1943. The appearance of the German HS- Austria. Other successful results followed,
293, air-surface, glide bomb in late August 1943 with the availability of over 13,000 Azons.
aroused operational interest in the Allied The equipment included the AN/ARW-17 FM

Forces to use such weapon. As a result, the receiver (30 to 42 MHz) for evaluation programs
Azon high-angle bomb, controllable in azimuth in the United States and the AN/ARW-37 FM

only, was developed. 7 The tail of this bomb receiver (50 to 65 MHz) for use in combat. These

contained the control mechanism, replacing the receivers went into large-scale production.
tail of the standard 1000-pound bomb. Razon, a Although the superior on-target accuracy of the
bomb controllable in two axes for greater ac- Razon guided bomb had been proven, the termi-

curacy, was developed later.7k The radio receiving nation of hostilities brought about an abrupt
equipment of these bombs was a critical ele- halt to its further utilization. The Gorgon and

ment, since it had to be housed in the small tail Gargoyle guided missiles were Navy programs
assembly, yet be sufficiently selective to avoid which will be treated subsequently.

jamming by the enemy. NRL was responsible
for the complete development of the radio POSTWAR RADIO GUIDED MISSILES

remote-control units for the Azon, Razon, NRL's extensive experience in the radio-
Gorgon, and Gargoyle guided bombs (1943- control field resulted in its acquiring a general
1944).20 The Azon radio-guided bomb was consulting role and its involvement in many
first used in Italy (April 1944). Spectacular radio-guided-missile development projects.
results with it were obtained in May 1944, During the war, to advance the assault-drone
when its use effectively blocked all rail traffic concept, the Bureau of Aeronautics sponsored a
through the Brenner Pass between Italy and series of guided-missile projects, including the
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CONTROL SYSTEM FOR THE FIRST U.S. RADIO-GUIDED BOMB -THE AZON (1944)

NRL. developed the radio remote-conrnl systemn for this bomb. This photograph shows the bomb terminal unit, which could
te quickly attached to conveuional bombs as a replacement for their tail assemblies.
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Glomb, Gorgon, Little Joe, Gargoyle, LoAon, and glide bomb (1944)." It utilized guidance princi-
Lark.7 The Burteau of Ordnance sponsored the pies applied to S band by the Radiation Labora-
Pelican, Bat and Kingfisher missiles. 7m Most of tory and incorporated the radar in the missile.
these projects were carried into the postwar The advantage of the great increase in echo
period. The Glomb (glider bomb) was a towed strength as the missile approached the target and
glider, radio controlled through television the ability of the launching plane to leave the tar-
observation after launching from the control get area as soon as the missile was launched led to
plane (1941). This missile was an attempt to the choice of the Bat over the Pelican. The Bat

obtain increased explosive-carrying capacity at was the first missile which could pick up its

low cost. The Pelican was a glide-bomb carrying target with its own radar system and home
a passive homing device to home on ship targets automatically on the target. It was the first
illuminated by the radar of the launching air- automatic radar homing missile to achieve

craft ( 19,42). Nearly a thousand units suitable for actual combat use. Three thousand Bats were
service use were produced by late 194-1. produced. With the use of the Bat, patrol squad-

rons in the Pacific war theater early in 1945 were
BAT MISSILE able to destroy some enemy ships under very

The Bat, developed for use against enemy adverse conditions. The Bat was retired from

shipping and land targets, was also an air-launched service at the end of 1948.

4 ,

BAT MISSILE, AIR-LAUNCHED GLIDE BOMB,
ON A SEAPLANE (1944)

This bomb was used against enemy shipping and land targets It used guidante prin
tiples applied to S band The Bat was the first automat homing missile to athievc
actual combat uC, three thousand were produced
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GORGON MISSILE were developing plans for a radio-guided missile
to counter enemy bomber aircraft which could

The concept of an -aerial torpedo" led to the have the speed and- altitude performance then
Gorgon, which evolved into a jet-powered, thought possible. Such a weapon was urgently
winged missile controlled remotely by radio, needed, but when it was realized that consider-
with terminal target-seeking equipment. It was able time would be required to develop the
intended to be capable of being launched from missile an interim approach having less capability
aircraft against enemy aircraft and light surface was given priority. This became the Little Joe,
craft. The project was concerned with the de- surface-to-air missile. It had a tail-first configura-
velopment of various components of such missile tion, with cruciform wing and tail surfaces. It
systems, particularly several types of propulsion. used a standard solid-powder rocket power
Under the project, the first liquid-rocket winged- plant. Its guidance was through visual observa-
missile flight in this country was accomplished tion, with remote radio control. Tests proved the
(March 1945). The first successful free flight of a radio-control system satisfactory, but the war
vehicle powered with a subsonic ram jet (con- ended before development of the weapon could
tinuous duct) was also accomplished (November be completed.
1947). While the project did not produce a Concurrently with development of Little Joe,
missile for combat use, it led to other specific work continued on an advanced missile. Intended
missile projects and provided a basis for the as a ship-to-air, rocket-propelled, guided missile,
post war guided-missile development program it was designated the Lark (October 1944). After
that followed. the war, the objective established for-the Lark's

capability was to counter an enemy bomber air-
GARGOYLE MISSILE craft capable of attaining a speed of 0.85 mach

In 1943, the success of the German HS-293
glide bomb and the X- I high-angle bomb,
directed visually through radio control against
allied ships, caused the initiation of a Navy

crash program to provide a similar air-to-surface 6
weapon, designated Gargoyle (October 1943).
This was a rocket-propelled, 1600-pound,
armor-piercing bomb with a low wing configura- 4
tion, radio controlled through visual direction
with the aid of a flare in the tail. NRL provided
the radio control receiving equipment for the
Gargoyle missile. A quantity of these missiles
were produced, and satisfactory tests of their
performance were made. However, the termina-
tion of hostilities in 1945 brought about the
end of the development of this missile.

684(413)y

LARK AND SKYLARK GUIDED LARK GUIDED MISSILE
MISSILES The Lark misaile was the first surface-to-asr guided missile

At te tie o incptin oftheJapaese and was the forerunner of missiles using beam-rider guidance
At te tie o incptin oftheJapaese now in active service (1948). NRL developed the guidance

Kamikazi aircraft attacks, the Bureaus of Aero- system. Shown is the launching of the missile from Point
nautics and Ordnance, with NRL's cooperation, Mugu, California.
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and 40,000-foot altitude, and to be effective at rider" guidance of a guided missile (July
ranges out to 90,000 yards. NRL was sponsored 19 47 ).IR.

2
.
1
4 The Lark became the first guided

by the Navy to proceed with the development missile to employ a beam-rider guidance sys-
of an adequate radio guidance system for this tern. The Lark was the first surface-to-air
missile, with Convair as contractor for general guided missile (1948), and the forerunner of
development and production of the missile. NRL missiles using beam-rider guidance in active ser-
proposed to use a system in which the missile vice, such as the Navy's Talos surface-to-air mis-
would seek to position itself in the center of a sile. The Terrier-I surface-to-air and Sparrow-I
radar beam, using intelligence provided it by the air-to-air missiles also used beam-riderguidance.
beam-termed the "beam-rider" system (1945)21 The Sparrow-I missile was the first air-to-air
The missile could be guided to the target by guided missile to intercept and destroy a moving
directing the radar beam. The conically scanned air target, an F6F drone aircraft (Dec. 3, 1952). "'
beam of the radar, with pulse-repetition rate The Sparrow-II and Sparrow-Ill missiles are refine-
varying as the beam rotated, provided the orienta ments of the Sparrow-I, utilizing many of its
tion reference for the missile. With this system components.2
several missiles could be guided independently
to the target at the same time. In accomplishing In the demonstration, a type SNB aircraft,
the development of the Lark missile guidance equipped with an NRL-developed missile re-
system, NRL was first to demonstrate the ceiver coupled to the aircraft autopilot, was
feasibility of completely automatic "beam- automatically guided as it flew out a radar

~ 60834 (414)

SPARROW I AIR-TO-AIR GUIDED MISSILE ON WING
OF TYPE F3D AIRCRAFT

This missile used NRL's beam-rider guidance system. The Sparrow I missile was the
first air-to-air guided missile to intercept and destroy a moving air target (1952).
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beam to a distance of 90,000 yards at an eleva-
tion angle of less than three degrees. NRL
modified a Model SP search radar to provide a
conically scanned beam, the space-position of
which was related to the pulse-repetition rate.
The radar was located at the Laboratory's Chesa-
peake Bay site. The capability of the system to
guide the aircraft was successfully shown by
displacing the beam in both-elevation and train,
to simulate tracking of a moving target. The
aircraft automatically maintained the course
established by the moving beam with accuracy 6034 (4

equal to that of good free-space tracking with
spot-scope-operated fire-control radar. In de- LARK MISSILE BEING LAUNCHED FROM
veloping the guidance system for the Lark THE SUBMARINE USS CARBONERO (1948)
missile, NRL, in addition to the special radar

Although the Lark program bore the name of a specific
features, devised a missile receiving system missile, much of the technology developed by NRL under

which translated the orientation data in the this program found its way into other guided.missile systems
radar beam to signals which provided propor- that followed.

tional control of the control surfaces of the
missile airframe (Model AN/APW-4). .23 24 it established. The AN/MPQ-5 was used at various
also developed a beacon transmitter to be carried missile test sites, including those of the Army.
in the missile to enhance its echo response in The telemetry and data-recording instrumenta-
reception by the radar (AN/DPN-3).2 6 In early tion developed by NRL for determining the flight
flights of the Lark, with an evaluation system performance of the Lark missile provided both
set up at the Naval Ordnance Test Station, a tenfold increase in data accuracy and a tenfold
Inyokern, California, the performance of the reduction in data processing time over previously
beam-rider guidance system proved successful. available equipment. The novel techniques
A large number of Lark missiles were utilized in incorporated into this instrumentation have
investigating the performance of the several been used extensively in subsequent missile-
system aspects represented in the missile. flight-assessment equipment, such as that installed

Although the Lark project bore the name at the National Test Ranges.
of a specific missile, much of the technology In 1948, NRL developed the radio-guidance
developed by NRL found its way into other system for the Skylark missile, the first guided
guided-missile systems that followed.27 The missile automatically to accomplish an inter-
Lark radar, with additional NRL improve- ception of a moving air target -an F6F drone
ments, became the prototype for the Models equipped with a beacon (13 Jan. 1950).7 ."
AN/SPQ-2 (shipborne) and ANIMPQ-5 The Skylark was also the first surface-to-air
(mobile) missile-guiding radars procured missile to be employed operationally by a
commercially (1950). These were the first vessel of the U.S. Navy, the USS NORTON
"operational" radars to have a capability for SOUND (1950). Many successful launchings
missile guidance. Tl' AN/SPQ-2 was installed were accomplished from this vessel during
on the USS NORTON SOUND for its early 1950. The guidance system developed by
guided-missile activities. Both the AN/SPQ-2 NRL for the Skylark missile was the first in
and AN/MPQ-5 were installed at Cape Canaveral, which position data on the target and missile,
when its missile test range facility was first acquired by automatic tracking by the radar,

238



RADIO REMOTE CONTROL-MISSILE GUIDANCE

-Mao

THE SKYLARK BEING LAUNCHED BY THE USS NORTON SOUND (1950)

The Skylark was the first missile auromatiL aly to .ALompish an i nter eption tif An aiirbi rn target, an F6F drone i 1n)50 The
Skylark s guidance, developed by NRI., was first automatically to track, compute, generate, and transmit commands to direct
the missile ofn a course to the target Its guidance system was of the tommand type instead of the beam-rider type used by the
lark The USS NORTON SOUND, the irst of a series of guided-missile ships. launched many missiles of both types in opera-
timnal trials The Skylark was the first missile to be launched by this ship

was processed by a computer to generate To generate signals for automatically con-
and transmit to the missile, automatically, trolling the steering mechanism of the Skylark
commands to direct itself on a course to the missile target seeker, a conical scanning device
target (19 48).7p.15.s To provide adequate located in the nose of the missile was employed
accuracy in final target approach for the Sky- to scan the transmitted energy reflected by the
lark, NRL also developed a semiactive missile target. The Skylark surface-to-air missile had
target seeker in which the energy of the general airframe and weapon characteristics
guidance radar reflected by the illuminated similar to the Lark, except that its guidance
target was utilized by the missile to direct system was of the command type.
itself to collision with the target (AN/DPN-7)
(1948).29 By September 1948, the first demon- KINGFISHER GUIDED MISSILE
stration, in actual flight, of the Skylark
missile-guidance system had been given, The Kingfisher missile program was directed
including both the command-guidance and to provide a winged torpedo for attacking enemy
missile target-seeker features. A large number submarines. This missile, airborne after launch,
of Skylark missiles were procured and launch- entered the sea near the target and made the final
ed in assessing the performance and utility approach through the use of an acoustic homing
of the system. The U.S. Army obtained a device. Several versions of the missile were 4
considerable number of the Skylark missiles considered. NRL developed the command-
for use in training guided-missile operating guidance system for the Kingfisher E ship-
crews. launched airborne submarine attack missile
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d- SHIPBOARD EQUIPME AIR- BORNE EQUIPMENT

COMMAND COOER DECOOER. POWER SUPPLY BEACON

I 60834 (417)

RADIO COMMAND-GUIDANCE SYSTEM FOR THE KINGFISHER
"E" RADIO GUIDED MISSILE

This system was developed by NRL (1)4') The missile was launched by a ship and proceeded airborne under radio
command-guidance. entering the sea near the enermy submarine target

and guided the contractor in its production BULLPUP GUIDED MISSILE
(1947). 30 Demonstrations of the system in

many flights, using type SNB aircraft to simu- Bullpup, a short-range, supersonic, guided
late the airframe, proved the system success- missile, was designed for use by aircraft in close

ful. This system, similar to NRL's Skylark support of ground troops for interdiction and
missile-guidance system, employed a command for use against small tactical targets ashore and
pulse-coding device with the Mark 25 fire- afloat. It was an answer to a requirement evi-
control radar installed aboard ship and a missile- denced during the Korean War. The missile
borne receiver, decoder, and beacon equipment was designed to be launched during a dive and

(AN/DPW-2). Five discrete radar pulse-repetition guided to the target by visual observation and
rates were used for the control channels, to commands transmitted via radio link to the
actuate the missile-control functions. A computer missile. It was carried below the fuselage and
using position data obtained from the radar wings of types F-4B and A4D-2N aircraft. The
supplied the command link with necessary command link, of the noise-correlation type.

corrections to keep the missile on course NRL was rendered inoperative in the presence of
developed the command-guidance system for radio interference caused by many sources.
another version of the airborne torpedo type Concern regarding the effectiveness of similar

missile, the Kingfisher G. In this version, the enemy lamming led to an investigation conducted
missile was launched from its shipping crate by NRL involving many flights at its Chesapeake
as positioned on the ship's deck 1 1950) " The Bay site ( L958). The results obtained brought
G version also used the Mark 25 radar for target- about correction of the difficulty and acceptable
position data and a computer to provide guidance performance of the missile. The Bullpup missile

commands to the missile. was procured in large quantities and saw service
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THREE BULLPUP MISSILES MOUNTED ON AN A4D-2N SKYHAWK AIRCRAFT

Through its solution of a problem which rendered this missile inoperative in the presence of radio interference caused by many
Sources, NRL made this missile operationally effective. (1958)

for a considerable period, including use in the Loon project, directed to provide a ship
Vietnam. surface-to-surface missile (April 1945). Models

of the Loon did not become available untilLOON SHIP-TO-SURFACE after the war. However, the Loon, with the
GUIDED MISSILE guidance system developed by NRL, provided

The havoc created in England in 1944 with the first successful demonstration of a surface-
the advent of the German robot "buzz-bomb" to-surface guided missile and the first guided
(V-I) was responsible for the development of a missile to be launched from a submarine
similar weapon, the JB-2, sponsored by the U.S. (USS CUSK), precursor of the Navy's Polaris
Army. The Navy was interested in launching submarine missile system (7 Mar. 1947). I.3
large numbers of these missiles against Japan NRL's contributions to the Loon included
from aircraft carriers a hundred miles offshore means of tracking the missile by radar, steer-
and directing them by radio control to large ing it to the target by radio remote control,
industrial targets. This missile had no means and diving it by remote control into the target
of adjustment of its flight pattern after launch. area. 0 Specific equipments were developed
NRL was requested to |:1vestigate the weapon for the project, such as, the AN/ARW- 17 and AN/
and determine its suitability for the applica- ARW-37 FM radio-control receivers, the AN/ I
tion of radio control. NRL reported favorably APW-33 and AN/APN-41 radar beacons, remote
on its characteristics and provided the weapon controls for the automatic flight systems, and
with a radio-control system, so it could be guided telemetering links. The radio telemetry sys-
by a shipboard or airborne radar.3 This became tern developed by NRL for the Loon was the
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LOON SHIP-TO-SURFACE GUIDED MISSILE, PRECURSOR OF THE
NAVY'S POLARIS SUBMARINE MISSILE SYSTEM

The Loon, with its guidance system developed by NRL, provided the first successful demonstration of a surface-to-surface guided
missile and the first guided missile to be launched from a submarine, the USS CUSK (7 March 1947).

first to be used in a guided missile. It trans- succession of operational guided-missile
mitted back to the launch site internal conditions surface ships beginning with the USS BOS-
of the missile, such as position of its control TON (CAG-I, now CA-69) (1950).
surfaces, stabilizer status, and gyrocompass
indications. During the demonstration, the Loon REGULUS ASSAULT GUIDED MISSILE
successfully gained its flying altitude and an- With the success of the Loon missile and the
swered both right and left turn signals given by availability of the atomic bomb, the Navy pro-
the ship, which was located off Point Mugu, ceeded with the development of a long-range
California. In response to a signal, the Loon at assault missile intended to carry a nuclear war-
60 miles went into a dive. In another run, the head and be directed against important enemy
ship was able to control the Loon out to 75 shore targets. Designated the Regulus (194"),
miles. It finally crashed at a range of 95 miles. it was to be launched from ships, including
The USS NORTON SOUND (AV-11), a submarines, and to have a range of 500 miles and
seaplane tender, converted especially to pro- a speed of 0.85 mach while carrying a 3000-
vide for guided missile operations, was the pound payload.r.3s It was turboiet powered,
first vessel, other than a submarine, to launch with aerodynamic supporting surfaces. Guidance
a guided missile when it launched a Loon of the missile was accomplished by the accom-
on 26 Jan. 1949. Thus, the USS NORTON panying aircraft, which would position the missile
SOUND became the forerunner of the Navy's over the target and detonate its warhead by
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command. The Navy was concerned about the The vulnerability of the Regulus missile and its
electronic countermeasures An enemy might guiding aircraft to enemy attack led to con-
direct against this missile. To replace an unsecure sideration of a ballistic. ype missile, which
system and avoid such countermeasures, NRL when developed, became the Polaris type
developed, for the Regulus missile, the first missile. The Regulus missile program was
command-guidance system which provided terminated when the Polaris missile became
security in the transmission of guidance operational.
commands to the missile to prevent detection NRL's secure guidance system was used
and the application of jamming and deception extensively by the Army in its combat recon-
by an enemy (AN/APW-19) (1950)." The naissance drones (AN/LTSD-IA). The Air
security feature of the system was based on Force used it in its type Q2C reconnaissance
unique flash pulse-signal arrangements. drone, which had parachute recovery. The
About a thousand Regulus missiles were Navy also used this drone for many years.
procured, the first becoming available in 1952.
The hrst extensive field trials ot electronit
tounterme.isures which might be applied by an POLARIS MISSILE
entmiy were tarried out with these missiles The
missiles wcre also used As targets to dectrminc The advent of the Atomic bomb, the impact ot
the tapability of other types of guided missilts which brought the war to a sudden Llose, was

- t8 4 (420,

REGULUS MISSILE BEING LAUNCHED FROM A SUBMARINE

NRI developed for the Regulus missile the first .ommand.guidante Vstem Ahih

pro'slded Arturttv in the transmission (if guidante c.ommands to the missile t lo(s
This system, the AN APW 1 9 wAs designed to prevent detestion and the applIation
of lamming and deteption by an enemy The system Was used by all three milta".'
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followed by technological advances which re- associated with electronics are reviewed here.
duced the size of the nuclear warhead so that it Many studies were conducted to determine the
became feasible to adapt it to an intermediate- effectiveness of ideas proposed to advance the
range ballistic missile (IRBM). This, together performance of the missile system. Considerable
with advances in inertial guidance, provided the effort was directed toward providing facilitica
basis for the Department of Defense to direct for the communication of commands to sub-
the Army and Navy to proceed jointly with the merged submarines to control missile firing. The
development of an IRBM, which was named the results of this work are reviewed in Chapter 3,
Jupiter (1955). The Navy, realizing the important Radio Communication.
strategic advantages of a mobile sea-based nuclear An Army-Navy conference on the guidance
deterrent, with its unique defensive features
when submerged, immediately established a sytm orheuper isleeutdinn
Special Projects Office to conduct the develop- agreement for a collaborative effort in its de-

ment of a "ship-launched weapon system." In a velopment, with the Navy's responsibility as-

meeting with Army and Navy representatives signed to NRL (February 1956).37 The guidance
heldat RLagremet wa reche onthe system decided upon at that time was of the radio-

ofl a NReearecen for theacrmy-n the inertial type, in which commands via radio to
"Terms ofRfrnefrteAm-ayD- the missile corrected the trajectory established
velopment of IRBM Land-based and Sea-based byteiriadvcenthmsilwenee-

repon sibltym, forthdevelopmentvofgtheimispil sary, as determined by radar observations.
an h ayresponsibility for the develop-eto h isl Subsequently, improvements in the accuracy of
anto the submrepsbltfor th delop-.~ accelerometers and gyros made it possible to

men(of he sbmaine latorm 2 ec. 955.37 dispense with the radio updating of the trajectory
This agreement was approved by the Department and permitted the use of a preprogrammed
of Defense. The Navy was faced with a serious ieta ytmfrtePlr isl.Ti
disadvantage in proceeding with a sea-based synertiaeqsystemgforathe olris mobissethis
version of this missile system, since only liquid syst "emrie guidance ordsues tocabed inete
rocket propellants were then available, and their isal. mer guidance capesle lcaed int
lethality and space requirements involved the muisle the guridaneodsweenefrgoherridu

aoarduip, pavrtficul rlyinbmain terThe state propellant and its cutoff, leaving the missile
aboad sip, artculaly n sumarnes.The to follow the established ballistic path in its

Special Projects Office aggressively prosecuted flight to the target. The guidance orders, con-
the problem of obtaining a solid propellant, and tnosyudtd eegnrtdb iia

itssucessin ccoplihin ths mde easble computer from several input data sources and
the development of the submarine-launched transmitted to the memory guidance capsule.
"Fleet Ballistic Missile" iFBM), which was Serious difficulties encountered by the contractor
named the Polaris. Many other difficult technical
problems were foreseen in attaining this objec- in the development of this guidance data system

tive, and the Navy's Special Projects Office, as weersldthog R'asian.

soon as it was established, requested the assis- The inertial-guidance system had to be pro-
tance of the Laboratory in their solution. NRL vided with the geographic position of the sub-
responded by entering extensively into the marine, and this position had to be periodically
Navy's conceptual planning for the development updated when the missile was in standby condi-
of the missile and its submarine environment tion, since the inertial device could project the
Technical support WAS provided by various areas position accurately for only a limited time. The
of the Laboratory as the problems encountered geographic position data was provided the com-
were identihied38 Only' those contributions puter through other navigational means. Also,
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THE POLARIS MISSILE BEING LAUNCHED BY A SUBMARINE

NRL participated extensively in the conceptual planning and development of the Polaris missile In addition, the Laboratory was
responsible for insuring that the instrumentation for the National Missile Test Ranges would have adequate precision and
reliability to determine the performance of the missile 055)V This work resulted in the first high-precision missile-range
instrumentation radar, which incorporated the NRL-originated monopulse technique
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some aspects of the guidance system required FPQ-6 (transportable version, AN/TPQ.18)
accurate time information. NRL's contributions radar, with additional features to enhance pre-
in these areas are reviewed in this document in cision and overall performance (1961). The first
Chapter 7, Radio Navigation, and Chapter 9, radar of this type was installed on Antigua
Precise Radio Frequency, Time, and Time Island in support of the Polaris program (1961).
Interval. The national missile ranges, including the Eastern

The performatce of the Polaris missile system, Test Range (formerly the Atlantic Missile Range)
particularly its capabilityto maintain the missile at Cape Canaveral, the Western Test Range
in a specified trajectory in its flight and to hit (formerly the Pacific Missile Range) at Vanden-
the target, had to be accurately assessed. This berg Air Force Base, California, and the White
required high-precision means of observing the Sands Missile Range, New Mexico, were
position of the missile during its flight, telem- equipped with a sufficient number of these
etry in the missile to transmit the status of its radars and associated equipment to provide
internal conditions, and missile destruct control' them with a capability adequately to deal with
facilities should safety require such action. The the launchings of various types of missiles,
Department of Defense had designated the Navy satellites, and space vehicles. Some of these
as the procurement agency for Tri-Service In- radars were also installed at the missile and
strumentation Radar for its missile ranges. The space tracking stations at Woomera, Australia,
Navy assigned to the Laboratory the respon- and Alberporth, Scotland. Others were installed
sibility for insuring that the instrumentation aboard down-range ships of the Eastern Test
procured for the national missile ranges would Range and those of the National Aeronautics
have adequate precision and reliability and Space Administration. The various radars were
(1955).1 , 10 This required the incorporation of used extensively by the Navy; the Model AN/FPS-
advanced features, such as the NRL-developed 16 in particular was considered a range-instrumen-
monopulse technique in tracking radars, with tation radar of outstanding performance. In carry-
adequate attention to the provision of digital ingout its responsibilities, NRL made observations
data-processing means. This responsibility was necessary to determine the accuracy and suit-
discharged through the surveillance and guidance ability of the test-range instrumentation. 41 The
of contractors and through a Tri-Service Radar installations at the Eastern Test Range were of
Instrumentation Technical Group, of which NRL special concern, since this was the principal
held the chairmanship. Through this arrange- range used in the evaluation of the flight perfor-
ment the first high-precision missile-range mance of the Polaris missile. The accuracy of
instrumentation radar incorporating the NRL- the real-time data pertaining to the velocity
originated monopulse technique was pro- vector during flight, point of impact in the ocean,
duced, the Model AN/FPS-16 (mobile version miss distance from designated target point, and
AN/MPS-25) (1956).40 The first radar of this similar factors was critical to the success of this
type, the Model AN/FPS-16 (XN-1), was missile.
installed at Cape Canaveral to support both The Polaris missile was first launched from a
the Vanguard satellite program, for which ship at sea, the USS OBSERVATION ISLAND,
NRL was responsible, and the Polaris missile on 27 Aug. 1959. The first launch of the missile
requirements, with respect to trajectory by a submerged submarine, the USS GEORGE
measurements and range safety control WASHINGTON, occurred on 20 July 1960. The
(1957). It immediately proved its worth and Polaris missile went operational with the USS
became the primary instrument for range GEORGE WASHINGTON, carrying 16 of the
safety for all launches from the missile range. missiles on 22 Nov. 1960, the beginning of a
This type radar was followed by the model AN/ long series of such nuclear-missile submarines.
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NRL'S GENERAL CONTRIBUTIONS REFERENCES
TO GUIDED MISSILES I JH Hammond and ES Puringr.n. "A History of Some Founda-

tions of Modern Radio-Electronic Technology." Proc. IRE. Sept.

NRL has carried on a program of basic in- 95,.pp 191-1208

vestigations of importance to the design of 2 NRSR, Oct. 1919, pp, 23-26
5 A Hoyt Taylor, "Radio Reminiscences. A Half Century.' NRL

guided-missile systems which has continued over Library 359.0072.T238 Ref.

many years.27 ' 42  This program has included a pp 83 and 99, 196 0edition. pp I'. 1" 2, 1948ed,tion

studies of kinematics, dynamic stability, air- b pp 96, 99. and 126, 1960 edition, pp 1"2 and 218. 1948
edition

frame-autopilot-control response characteristics, c p.96. 1960edition, p 165, 194edition

noise dispersion, analysis of frequencies con- d pp 21. 218. 1960edition.pp ?'4. 3'5, I)48edt,oin

tained in trajectories of interest, and servo- 4 NRSR
Sept. 1920. p. 55

bandwidth requirements. While these studies Nov 1920. pp I 1.15

were directly related to the guidance aspect, Aug 1921, pp i.40

they also had an impact on airframe and flight- May-June 1922, pp 14. 15
control-surface design. Theresus 5 A H,yt Taylor, "The Teletpe Radi, (,ntrol System Pr

The results of NRLs limlnary Instructions for Type SE , Svm,,tor Sw ,h and Kci

diagnostic studies of flame plasmas have had an Board,' Radio Division. NRL Dourent 106. 41- luls I'I

important bearing on the problem of the propaga- 6 CB Mirick, 'A Wild Goose Chase. Pro, I" , Naa.i Ins,.

tion of electromagnetic waves through missile- 1946, pp 94'-949
*NRSR

propellant flames and gases. They have led to Apr 192S pp 2.

new missile propellants having constituents June 1921, p 18
which minimize propagation losses and increase - DS Fahrney, RADM, 'The Hhstor of Pilot 'ss A rdialr an,.

Guided Missiles,' Bureau of Acrnauris File Federal R-,,!r.

the missile control-circuit reliability. This Center N59 )18. NRL Docunment 18;.8;1

plasma work has enabled NRL to solve problems A Chapter IV, pp 152-180

encountered in telemetry data transmissions b Chapter VII, pp 05-08

c Chapter VII. pp 328 ;29
between missile and surface equipment, during d Chapter VII, p 144

both launch and reentry periods, in carrying out e: Chapter VII, pp 14-- i48

the assessment of Polaris missile flight per- I Chapter VII. pp 162
g Chapter VII. pp ;-11-V6.

formance."2 The results have also benefited Chapter Vill. pp ;-- 400

radio communication and radio control systems h Chapter Vill, pp 405.16

for space vehicles. The propellant used in the Chapter Vill. pp 41.420
SChapter Xl, pp 822-84"

lunar Surveyor space vehicle was proved by k Chapter XI. pp 848.855

NRL to have characteristics which would I Chapter IX. pp 4 14.566

assure satisfactory functioning of the vehicle's m Chapter X, pp 62 ;1 II

radar which controlled the rate of its descent n Chapter IX. pp 5666.22
o Chapter XV, p 11311

to the moon's surface (1 963). The instrumenta- p Chapter IX, pp 58.622

tion at the John F. Kennedy Space Center, q Chapter IX, pp 518.,56(,

used for its propellant investigations, is based r Chapter XV, pp 1 1 5 1189
8 NRSR. Ian I122, pp ').14

on NRL's work. Such instrumentation has 9 NRSR. Mar 1,2pp 12-4;

found worldwide use. The results of NRL's Io Bureau of Engineering letter to NRL NR 2lS6. 18 Sept 10i

extensive pioneering work in missile guidance I I Chief if Naval Operations letter to the Chiefs of the Bureaus
if Aeronautics and Engineering. I May 1016

have contributed importantly to the capability 12 NRL letters to Bureau of Engineering, ) Nov 191(6 and 7 Feb

of the guided missiles now in active service or 9,18

projected, including such surface-to-air missiles I R, -r. Commanding Officer. U'SS RANGER. 2) Aug 1i8,
Bu,,.- of Aeronauti(s *NAVAIR) files

as the Terrier, Talos, and Tartar, and air-to-air 14 Commander-,i-Chief report to Chief of Naval Operations.

missiles such as Sparrow and the Phoenix. NRL has Fi1 10040',File FitI1,il0, Vil 1.22 Mar 1I939

continued to play a key technical role in advancing 13 Chief of Naval Operations letter to Director, NRL via the Bureau
of Engineering. 3 May 19,. File OP 22 BScSC' QT F42 I.

the Navy's guided-missile capability. Serial 40'0. NRL CRMO
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Chapter 6

RADIO IDENTIFICATION
Identification Friend or Foe-IFF

INTRODUCTION FIRST IFF SYSTEM

In 1934,when NRL began its efforts to provide As an initial step in a continuing program,
a means of target identification, the problem NRL developed the first radio recognition
of avoiding the destruction of friendly ships (IFF) system in the United States (Model
in warfare had been one of long standing, with XAE) (1937).2 This system provided air-to-
its solution impeded by many difficulties, surface coded transmissions from an aircraft,
Neither the Army nor the Navy had a device received for identification aboard ship, with
which would adequately identify targets on the transmissions back to aircraft for verification.
ground or the sea, or in the air, particularly in Trials of the air-to-ship portion of this IFF
overcast weather and at night. The rapid rise system conducted by the aircraft carrier USS
in the capability and utility of aircraft introduced RANGER (CV 4) in 1938 were followed by
an acute problem in identifying friendly planes the addition of the ship-to-air portion and
returning to carriers under conditions of poor the beginning of production (General Electric
visibility. Procedural expediencies for identifica. Co.) for operational use inJanuary 1939. When
tion were resorted to, such as requiring returning in the presence of friendly ships, the pilot
aircraft to approach carriers within a specified turned on this equipment to avoid gunfire attack.
sector, where they were to remain until a visual The omnidirectional coded transmissions from
challenge by searchlight was satisfied through the aircraft were controlled by a contactor
the recognition of certain agreed-upon maneu- operated by a rotating disk, the edge of which
vers by the aircraft. NRL had felt that a satisfac- was notched in accordance with the code. To
tory solution of the problem could be obtained improve security, the code disk could be changed
through the use of radio means, and during its quickly to others with different identifying
early work on microwaves brought their advan- codes, following an agreed-upon time plan. A
tages in this regard to the attention of the Navy beam antenna which could be aligned with the
Department (1935).' Subsequently, the Labora. aircraft was used aboard ship for both reception
tory was sponsored by the Bureaus of Engineer and return transmission. The ship's transmissions
ing and Aeronautics to provide a suitable caused a light to flash on the aircraft, which
radio-identification system. NRL's initiative could be seen by the ship. The 500-MHz carrier
resulted in the beginning of a program, used was modulated at 30 kHz, to give an addi-
continuing to the present day, in which NRL tional measure of security.
pioneered the development of a succession While developing the Navy's first operational
of new and improved radio-identification radar, the Model XAF, NRL devised an IFF
systems for the several military services of system comprising a rotating beam antenna, the
the United States and its allies. Today, NRL elements of which were keyed so as to cause the

still holds a prominent position in the ad. antenna to reradiate in accordance with an
vancement of IFF Systems. identifying code (1938). Identifying emissions
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60834 (330)

60834 (329)

THE FIRST RADIO RECOGNITION 1FF SYSTEM IN THE UNITED STATES
THE MODEL XAE (1937)

This airborne equipment, developed bi NRL. is shown .it the top. the shiphisrne equipment is show~n below When in the vicinity

of friendly ships, thua.ircratt equipment rinsmitteda series of aided signals, Aboard ship, the Yiapi antenna - gun shaped equip-
me nt was pi inted at thet.irc raft, to fla .sh
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could be observed at an illuminating radar when to provide cryptographic security in the

the antenna of the device, which rotated, pointed automatic challenge and reply functions
in the direction of the radar. Such a system was (1940).6 This was the first use of binary digital
provided and its performance demonstrated by techniques in an electronic system. These
NRL during the trials of the Model XAF radar techniquesreceivedimportantandwidespreadap-
aboard the battleship USS NEW YORK, when plication in electronic computers and communica
the fleet exercises were held in early 1939.3 The tion systems. NRL's binary digital techniques
equipment was mounted on a destroyer and were adopted later by the leading electronic corn-
proved adequate to identify this ship among puter manufacturers. The digital system was ar-
many other ships engaged in the exercises. ranged with three pulse groups, each totalling 32 bits.

A correct number count on the first group led to the

PULSE IFF second and then to the third group, which, if the
count were correct, actuated the response to the

In proceeding with the development of pulse challenge. A similar process was used at the chal-
techniques for radar, NRL also sought their use lenge point to verify the reply transmission. In a
for IFF. Through its efforts, NRL devised the later arrangement, more pulse groups were added.
first IFF system in the United States in which The challenge and reply in this system were auto-
radar pulses received by a target ship or air- matic and practically instantaneous. A directive an-
craft were repeated back to the radar and dis- tenna was used in challenging to isolate, as far as
played as a pulse associated with the echo possible, the challenged target. Other antennas were
pulse on the scope (A-type presentation) omnidirectional. A radar-type duplexer was used on
(1939). 3.4 As part of this system, NRL de- the transponder to permit operation on a single
veloped the first U.S. pulse transponder, basic antenna. This system was successfully demonstrated
to pulse IFF systems and pulse beacon systems in two-way operations between the Laboratory and
(1939).5 In challenging, the pulse rate of the Fort Washington, Maryland (May 1940).
radar was changed to correspond to the frequency
of a pulse filter in the pulse repeater. Thus, the
repeater was active only when challenged. The
transponder comprised a receiver and a super-
regenerative oscillator, bias-blocked in the WORLD WAR 11.1FF
absence of a signal and triggered off by an inter- In 1940, with war imminent, it became urgent
rogating pulse from the challenging source. This to fit the Navy's ships and aircraft with the best
transponder was ised later in the Model ABK IFF system that could quickly be made available.
transponder and in transponder beacons such as In meeting this need, NRL developed the first
the AN/APN-7. They were used with "interrogat- IFF system of the combined military forces
or-responser" equipments Models BJ, BK. BL, of the United States (1940).? This IFF system
and BN. When the British disclosed their IFF was the first to use separate frequency chan-
work to the United States in 194 1, it was realized nels, independent of radar channels, for chal-
that they had independently developed and used lenge and reply (470 and 493.5 MHz) (1940).$
this transponder in their Mark I and Mark II it made possible universal use of the system
IFF systems. with radars of any frequency and also avoided

difficulties which limited the performance of
IFF WITH CRYPTOGRAPHIC the original transponder. This IFF system was
SECURITY designated the Models ABA (airborne) and BI

To advance the security in target identifica- (shipborne). Other shipborne versions were the
tion, NRL devised an IFF system which was Models BA, BE, BF, BG, and BH. For this sys-
first to incorporate binary digital techniques tem NRL selected the features it had found most
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IM

10

FIRST PULSE IFF SYSTEM (1939)

I J This s's 'in, devvloped by NRL. was also irst to inOIrfAttc
hinary thgital tsniqus. it) providte cryptographit set urov

P in thu .uLtonlAt., halltnge And reply tun.trions Dr ( E

( Itvt i.., shown oip'ratilg the 'quipnsent, later betatm-
tethn.al head ol th '( ombined Research (,roup." located
at and unde r the jurt%ttion Ai NRL The .roup was Lorn

p. sed it Amrer.an And B=ritish sutenistss, whi h furthered
the deve lopment ol IFF during the w.r Dr ( lceton was also
NR~s Associate D ret(or oi Rtsarh tor Ele ctronics. I0(,i

34 (421

practical and adaptable in its previous research To obtain this type of display, the pulse rate ot
The triggering of the original transponder caused the IFF system was synchronized with that of
by local echoes and feedback in transmitting the radar. NRL's binary digital security feature
and receiving on the same frequency had imposed was not included in this system, since the digital
limits on its sensitivity and correspondingly on circuitry at that time required the use of many
its range. With separate frequency channels, vacuum tubes, which made it too bulky for in-
higher transmitter power and sensitivity could be stallation in aircraft. Its use had to await the
used, with greatly increased operational range arrival of the compact solid-state type of digital
and reliability. In making another feature avail- circuitry which did not become available until
able for the system, NRL was first to provide many years later. Instead. for security, supersonic
means of displaying an IFF response associated modulation, keyed for code identity, was imposed
with the target echo in a PPI presentation, upon the transmitted carrier, with a correspond-
which permitted for the first time ready target ing filter to select the coded information upon
isolation in azimuth as well as range (1940).9 reception. In the procurement of this IFF system
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equipment in quantity, NRL provided guidance operative under critical combat conditions, since
to the contractor (General Electric Co.) and radars were then increasing rapidly in number;
evaluated the product to insure satisfactory opera- and that with large numbers of radars distributed
tional use. The Army, having no suitable IFF over a wide frequency region, the system would
device, joined with the Navy in this procurement, become very complex. The British had realized
Models of the equipment became available early the existence of these difficulties and had con-
in 1941, over 3000 were produced. These were sidered the use of an IFF frequency band indepen-
used by the Army and the Navy in determining dent of the radar frequencies, such as NRL had
the operational effectiveness of the system. They provided in its Model ABA-BI system. The
were also used operationally toward the end of British were concerned that NRL's IFF system
the war in the Pacific theater. During the interim would quickly be compromised, since its opera-
between the availability of tho. equipments and tional frequencies were so close to the frequency
their use in the Pacific, the system was held in of the German Wurzburg Radars (550 MHz) as
reserve, pending the possible compromise of to invite attention and adverse action.
another system, the Mark Ill, which came into As a result of discussions an IFF system,
being as a result of contact with the British. known as the Mark Ill, was adopted for joint
NRL's system was finally designated the Mark use by the United Kingdom and the United
IV. States (1942).10 Although a frequency indepen-

dent of the radar frequencies was used in this

MARK III IFF SYSTEM system, due to difficulty in maintaining the IFF
equipment precisely on a single frequency it

When the policy of interchanging technical was arranged to sweep through the frequency
information between the United Kingdom and band 157 to 187 MHz every 2-1/2 seconds. The
the United States was established in the fall of inherent lack of synchronization between this
1940, in furtherance of the war effort, informa- sweep rate and the radar antenna rotation rat-
tion was obtained on an IFF system the British made it impractical to use the PPI display for
had been using known as the Mark [I. This system azimuth correlation of IFF response with the
employed a transponder, of the type NRL had radar echo. However, since IFF antennas were
devised, which responded to each pulse of a radar mounted on radar antenna reflector structures to
when tuned to its frequency. This transponder obtain directional characteristics, it was possible
swept every six seconds through the frequency to provide correlation in both azimuth and range
band occupied by the radars then in use, respond- by stopping the rotation of the antenna and
ing to each radar in turn. At the radar the tran- pointing it in the direction of the target echo.
sponder's response was presented on the hori- This process, however, was very slow. The United
zontal line of a cathode-ray tube as an increase States proceeded with large-scale procurement
in amplitude and width of the radar echo pulse. of the Mark Ill IFF equipment to supply both its
Two degrees of widening of the pulse served as needs and that of its allies. The equipment
a means of coding the response. It was proposed included the airborne models ABK and AN/
that the United States adopt this IFF system. APX-1 (transponders) and the shipborne models
NRL objected to this on the basis that the British BL, BM, BN, BO (interrogator-responsor). NRL
system transponders emitted IFF signals due to provided the necessary guidance of contractors
circuit instability and triggering by noise, and the evaluation of their products. NRL also
whether challenged or not; that it radiated pulses had the responsibility of adapting this system to
at a high rate when excited by non-radar CW or the various Navy radars and to provide such
modulated CW signals, rendering the system improvements as were feasible to add to the
incapable of responding to a challenge that such system during the war. The Mark III IFF sys-

a system would soon become saturated and in- tem continued in use throughout the wartime
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period. Many thousands of these IFF equipments the approval of the Frequency Allocation Board.
were produced. The system was installed on This change permitted sharper antenna beams for
practically every aircraft and ship of the U.S. interrogation transmissions, with better isolation
forces. It was used extensively, particularly during of targets in azimuth. This frequency band was
operations in the Paiific. divided into twelve channels, quickly changeable,

to provide means for avoiding possible enemy
MARK V IFF SYSTEM jamming.

In interrogation, trains of paired pulses were
It was recognized that the Mark III IFF sys- transmitted to which transponders would not

tem had many deficiencies and that further effort reply unless the pulses of each pair had specific
had to be made if operational requirements were length (one microsecond) and spacing. Three
to be satisfied. The wartime Radar Committee modes of operation, with three different pulse
of the Combined Communications Board spacings, were provided-Mode I for general
under the Combined Chiefs of Staff, after con- identification of friend from foe, with three-
sidering the additional IFF operational re- microsecond spacing; Mode 11 for specifically
quirements, recommended that a new system identifying one particular friendly target among
be developed to replace the deficient Mark many friendlies, with five-microsecond spacing;
III system and, in recognition of NRL's experi- and Mode III for flight-leader identification,
ence in IFF, that this be done by the Naval with eight-microsecond spacing. Transponders
Research Laboratory (September 1942). replied by transmitting a one-microsecond pulse
Accordingly, based on official approval, the for Modes I and III, and a pair of one-microsec-
Conbined Research Group was established at ond pulses spaced eight microseconds for Mode
NRL to undertake the development (October II. To provide additional security, the length
1942). This group, under NRL scientific leader- of the reply pulses was extended to 2.5 micro-
ship, comprised British, Canadian, and United seconds, keyed in accordance with characters of
States scientists and engineers representing the the international Morse code-a short-duration
Armies, Navies, and Air Forces of the three extension being a dot, and a longer duration
countries and the United States NDRC Radia- extension a dash. Selectable three-letter code
tion Laboratory. Until its disestablishment after groups could,be transmitted automatically or by
the war in June 1946, the Combined Research a hand key operated by the aircraft pilot, per-
Group was engaged in the development of the mitting the addition of code letters or the use of
Mark V IFF/UNB (United Nations Beaconry) a predetermined identification code. This keyed
system.' type of transmission was known as the "slow

The Mark V IFF system incorporated the im- code." Transponder replies were displayed on
portant NRL-originated features of using separate the PPI as a series of delayed pips associated
frequencies for challenge and reply, independent with the corresponding target radar echo, the
of radar frequencies and PPI presentation, with pips being elongated radially in transmitting
IFF replys associated with radar echoes. These the letter code groups. The first Mark V system
features greatly reduced the time required for equipments, the Models AN/APX-6 (airborne)
identification of a target, since the rotating radar and AN/CPX-2 (shipborne), became available
antenna did not need to be stopped during the in August 1944. The system was subjected to
recognition process. Furthermore, transmitter and considerable evaluation by operational Fleet
receiver frequency separation in the transponder forces. However, the war was over before the
permitted the use of high-gain receivers, resulting system could be put into operational use. Toward
in considerable increase in transponder opera- the end of the war a Mark VI system, a simplified
tional range. A higher frequency band (950 to version of the Mark V, was considered for early
1150 MHz) was chosen for IFF operation, with use, but it was abandoned at the end of the war.
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N 60834 (423)

MARK V 1FF SYSTEM TRANSPONDER - THE AN/APX-6

This IFF system, developed by the Combined Research Group at NRLL during World War 11 under NRL technical leadership.
ncorporaited the NRL-originaiwd feitures of separate frequencies or challenge and reply, independent oif radar frequencies, and

1FF responses associatedl with radar echoes in PPI presentations,

MARK X 1FF SYSTEM could equip his forces with transponders which,
through his intercept of our transmissions to

After the war the Combined Research Group give him the "code of the day," could enable him
was disbanded, and NRL established a group to deceive us through giving a friendly response.
with its own personnel to conduct a program Furthermore, he might interrogate our transpon-
which would advance 1FF system capability. The ders for positive identification of our craft. Thus,
security features of the Mark V 1FF system were a primary objective of the NRL program was the
considered seriously inadequate, since an enemy provision of adequate security. However, at that
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time, high-speed iet aircraft were rapidly be- and also advantageous The result was an agree
coming available, and by 1948 it became urgent ment between the Federal Aviation Administra-
to provide improved means of tracking such tion and the Department of Defense on such a
craft The weak radar echoes from this type of air- common system for Air Traffic Control. To
craft had to be reinforced through the use of a accommodate the broadened requirements.
transponder or beacon, and means provided to particularly that of contending with large num-

supply the position and identity information re- bers of aircraft, the reply codes of the Mark X
quired for interception, navigation, and air traffic system were modified The codes for all opera-

control. It was decided to adapt the Mark V sys- tional modes were standardized by arranging two

ten to serve this purpose. " The "slow-code" bracket pulses with 20. -microsecond spacing to
security feature of this system was dropped, in be transmitted with each reply, with provision for
view of its inadequacy and the possible avail- a total of 8192 codes on each of a total of four
ability of A superior security system as a result modes (A, B. C and 1)). The mode C was intro-
of NRL's efforts. Pressure for the assignment of duced to provide altitude information necessary
frequency channels from sponsors of other ciec- for both military and civil air traffic control. The
tronic systems resulted in relinquishment of the modified Mark X system, with its expanded
950 to I150 MHz band, with the exception of "selective identification feature" ksIF), was

two khantncls, 10 ;( and 1091 MHz, used respec- designated the Mark X Sli: system. Th- designa-
tively for interrogation and response. The NRL tion Mark XI was reserved for this system but

features of separate frequency channels, indepen. never utilized. NRL contributed to the de-
dent of radar channels, for interrogation and reply velopment of the modified circuitry of both

.ind display of IFF response on the PPI were the interrogator and transponder of the Mark
retained. This modified system was designated the X (SIF) system and to the guidance of the
Mark X, the -X- at first being interpreted as the contractors selected to produce the equipment
"unknown future IFF system" and later as the in quantity (1951).1i .13 The Mark X (SIF) IFF

numeral "ten." NRL provided guidance of the system became operationally available in 1959
Lontractor in its production -azeltine Elec- and was installed in most military aircraft, remain-
tronics Co.) (I 9-W). During the early I9 5)'s many ing in service for many years. As modified for
thousands of the Mark X system equipments were civil air traffic control, it has continued in use by

procured by the Navy for installation on its own the aviation agencies of the United States and

aircraft And ships and for use by the Air Force foreign countries. Under civil usage it became
known as the "Air Traffic Control Radar Beacon
System" kATCRBS

MARK X (SIF) IFF SYSTEM

During the interim. NRL had continued its
efforts toward a high-security IFF system About
1950, l.S Air Force representatives became In seeking a high-security IFF system. NRI.
interested in NRL's work and begana long period first made a study of the various operational

of cooperation to obtain such a system. Likewise, aspects attending such a system and the technical
representatives of the Federal Aviation Admin. approaches whith might offer a satisfactory solu-
istration sought NRL's assistance in connection tion of the problem. 12 It was apparent that the
with its air-tratfic-control problem. Continuing solution of the problem was to provide means of
discussions, with the various responsible organl. asking the question "Are you a friend?" and

zations and offices participating, madc evident making possible the reply in so many wavs that
that .A system with commnnon elenents for use by the probability of an eneny "guessing- the
both civilian and military airtraft was feasible correct interrogation And response would be
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beacons."' The model YH was the first procured *LR Ph.Ip..u. Loig N., 1. i1;6 C,, 194. NKL. Rigst No.

in quantity. This beacon was installed along the it 41MnRL- CflrNiO qiltnIie i hc h ut
west coast of the United S'tates, making possible "I Engin...ring S6"' IFk IS 5MI Ir Apr I1)ll' r. in NK!.

Aircraft navigation from southern California to File S-1... Radio Do..r,,,,n )I M,,r.n Ots,. 16t

the tip of the Aleutians by relying on the beacon NW1. NRL CR510
ONRI ienrrt Brnrvau of Enjmcncringi. 26. F0, 19W. And I i.tA

installations And airborne radars alone. These Ioi. NRL fil S.SlrW S;;,, Nro 2. Itili I949r S.p. i.0i0. NRi

beacon installations gave valuable service to the CRMO

U.S. Armed forces in taking back. the fog-bound 4 NRL lettr to Butre.. tit Shntn. S SW ;Str 266, 1I ; .., ['ll.
NRL(KNIO

Aleutians from the Japanese. These beacons were Kt R St Piiv U S Pit, n

also used by aircraft operating in the Atlantic 6 Rekortrrjrn it Prr,%rrknir..I AArtf 1- V K,,r. %I

and Mediterranian areas, andi in the southern Pg. I Sept 1951I. NRL tNk&,minni.1 1.W1
F, El- Kr...,., ndlWi \ Ko .rr. . Shr p .r Ship uu I' -, r irurrrrn

Pacific zone. The Model YJ beacons were de- S, tnnm NK[ K.,1.r, I. (1 il
s-eloped for use with NRL's Miodel ASB airborne E( (1-t-rr. US Pi'.r,n ri mu .kIIN. '1

radar And replaced the Model Y'H in service. KRad- KR-ign ,r',r. S ,. NRI F.1, SO)So 4i NRL
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Chapter 7

RADIO NAVIGATION

RADIO DIRECTION FINDERS - through the Navy's addition of a "compensating"
"RADIO COMPASS" capacitor in this equipment (Model SE 75)

(1916). This capacitor permitted equalizing theThrough its early sponsorship of the develop- loop-to-ground capacity of each side of the loop,
ment of the radio direction finder, the U.S. thus removing the residual signal due to the
Navy, in 1923, asserted it had acquired 'much loop's "vertical antenna effect,' and providing
more experience with this device than any other clear nulls when the loop was in minimum signal
organization or country in the world.' The position. The ambiguous bearings of the simple
first radio direction finder to be installed on a loop direction finder, due to its "figure-eight"
Navy ship was tested on the collier USS LEBA. azimuth pattern, were eliminated by the Navy
NON in 1906 .2 The performance of this equip- through combining the output of a vertical
ment, developed by the Stone Radio & Telegraph antenna with that of the loop to form a cardioitd
Co., did not meet Navy expectations. Its fixed- pattern (Model SE 995, 300 to 2300 kHz).'
azimuth antenna required that the ship be Further improvement resulted from an assembly
oriented to determine the bearing by observing of components, with the exception of the loop, in
the point of maximum signal, an inaccurate and a receiver having three stages of audio amplifi-
cumbersome procedure. Electron-tube amplifica- cation (SE 1440) (19 18).6 This receiver with a
tion was not yet available, so signal strength modified loop became the Model DA direction
was limited to that produced by a crystal detector finder (250 to 600 kHz). To verify the results
(diode), which was inadequate for useful opera- previously obtained in comparing the several
tional ranges. Little was known about bearing types of direction finders which led to the choice
deviation resulting from reradiation from ship of the rotating-loop type, comparison was again
superstructure, and its compensation. Several made with the fixed crossed-loop ("Bellini-Tosi")
types of direction finders were procured and type in its latest form. The rotating-loop type
tested on the USS WYOMING (1914) and on the proved to have superior sensitivity, sharpness of
USS PENNSYLVANIA and USS BIRMING- directional indication, and simplicity in operation
HAM (19 16).1 These also proved unsatisfactory (1920)." It continued to be the Navy's choice.
for some of the same reasons, even though good By the end of 1916, twenty of the Model SE
electuon tubes had then become available. 75 direction finders were installed on battle-

In 1916, the Navy Department arranged to ships and cruisers. These were calibrated to pro-
have a direction finder, developed by Dr. F.A. vide bearing corrections for deviations caused
Kolster, adapted for shipboard installation by by ship superstructure. Structural elements had
the Philadelphia Navy Yard .4 This equipment been bonded to ship hulls and guns, and other
(Model SE 74) comprised a single rotating loop movable equipments were placed in positions to
with electron-rube detector and two stages of minimize variations in deviations while taking
audio amplification. The use of the "minimum" bearings. Only limited use was made of these
method of bearing determination, with greatly direction finders, due to lack of understanding
increased sharpness of bearing, was made possible and incentive in their operation. This attitude
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changed radically in World War 1, when the su(c- information to over 5000) ships a month. Opera-
cess of the' Germnan submnarine cunpaign brought ional ranges tor bearings out to 100 miles were
about the desperate allied shipping situation in normally obtained. As new developments, such as
the Atlantic, All destroyers available were fitted effective radio-frequency amnplitication, became
with the Model SE 995 direction tinder and uti - available the system's pertormance was upgraded
lized in locating enemny submarines, in Affecting to provide greater range and bearing accur-acy
concentrations for hunter-killer operations, andi capability. This Navy shore direction-tinder
in assembling and escorting convoys in thick system became "indispensable to the Navy and
weather. An installation ot these direction tinders the shipping of" the world" 192 i). The system
at the U.S. Naval Base at Brest, France. permitted continued to provide navigational information to
surveillance of the German submarines concen- shipping until early in World War 11, when other
trated in the Bay oif Biscay. The extensive, unin- navigational systemns becamne available. Parts of
hibited use ot radio communication by the Ger- the system had been used for the surveillance ot
mian submarines, unaware ot the Navy-s direction the communication transmissions ot potential
finders, made it possible to divert allied convoys eneieis, and this function was5 continueWd
to avoid thern.-'f This procedure was highly suc-
cesstul. By early 191 I8, the German submarine
serv-ice was comnplerely demioralized aind ineffec-
tive. RADIO DIRECTION-FINDER

DEVELOPMENT (SHORE)

THE NAVY'S COASTAL. RADIO NRI. per-sotnel, prior to mioving ito the Lib-

DIRECTION FINDER SYSTEM oratorv in 19 ;~, had mide cotitributo iosto the
solution of the Naivv's diretn tinder problems

The seriouis allied shipping losses expe-rient el wvith re-spek ito wave popgation as rel~ited to

eaiv in tie. wair led to ait on to redut eVulnerai bearing at uraicv, loop antenina and rtci ser die-

bility to the Germian submarine ieice~ bv cxpe- sign, installation site sele. non tat tors, and
d1iti ng the entry of shi til~ it,) Iii ted States ports, bearing de~viation torreo lion This work wa-.s
pairt i c ular ly d1uring bad we .ithctr. To p rovide na i - t mt intned whleni at ti sit ies were: nmoved to NR L
ialionail gui~dante ito the ships, the Navy installed andt dealt ),.-it shore, ship, and air. ratt aspetts.

a number of temiporary direction-tintler staitions, With the aid of an experimental direction.
located between Mlaine antd (lape' flireras. finder facility installed near the Laboratory's
Durinig I 918, the Navy11 bt-gan thlt installaitiin ot a site, NRI. developed a direction finder far
chain of pt'rniainent dirtectioni tintler stitions along superior to any, then existing - Model XM, 75
the Atlaintic coaist, part oft which becLame opera- to I (XX) kI-z (I1928). A bearing precision of 0.11
tionail at the end of ilit war, giving aissistance to degree was obtained with this equipment.
Navsy aind troop ships returniiig from overseais. which featured automatic compensation of
Thet direction finders were airranged ti groups loop "antenna effect" with precisely opposite
toniprising a -niastr- aind two -slive- statioins. minima and unshiftable bearings. A number of
Bearings were ploted at the iiiaster to provide these direction finders were produced and in-
positioin fixes. These, were transmnitted1 to ships stalled in the Navy's coastal direction-finder
through (ie use oft an assotciated raidio traiiis- chain to upgrade its performance. This was

iiiittiii. staition remnotely toirolled fromn thte followed bv tilt- proturirnin t a. series of dire.I
niaister station A frequen. yk of ;- kilIz was ais- niii finders for short--startin operaition intorpor-
sig~ned ais ai staindard for direttion-finder ope-ra- uing NRL's improvemt'nts. tie most signititkint ot
tion liv By)92 .i tomtail of i10 direk tion ter sca- whitlIt wuc the \Sodels l)K k 1) W0), D1\1 t 1) ; 1),
tioiis were iiistaillted ailoiig the( Atlaiikl. 1;1 I I-')), 1)A1 ii! DAHI I Q42. I-9+0l,
iii1d I t it fit toasts, amd were prov'iding position .ii1- DAP L' These equipiients kmvere-d a
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~~~6O6'(H-424)-

60834 M-42S

RADIO DIRECTION FINDER STATION, CAPE MAY,
NEW JERSEY, 1921

This station was typi( the Navy's medium-frequenty coastal radio direction-
finder system, established between 1918 and 1921 with a total of 46t stations along
the Atlantic, Gulf. and Pacifio toxiLst. Liter, the system was extended to include
So uth Amencrica andi portions of the 'a tific Occan It be, une -indispensable to
the N avy and world shipping'8' andi contnued in se rt- ice di nng World Wir 11

for navigation and e ntrno em ission in nterc ept The lopj ws momuntedl in the top

4f the structure N RI made nman s ontr+Ut ion% to in reist the efi cci sene-s% ot

this system
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LOOP
CR-69006

THM MIODEL DP RADIO DIRECTION FINDER
LOOP FOR BOTH SHIP AND SHORE INST-ALL.ATIONS

CEEAL ow T'o 15(M) kliz)
CRv-69007

When used aboard ship, the rotating loop structure was mounted on
the keel line and removed as far as possible from conducting objects
to minimize bearing deviations. NRL played an important role

l 934 in the development of this and many other direttion finders
Loop direction finders in this frequency band were used for many
years.

60834 (H-426)

60834 (H-427)

r

RECEIVER UNIT, CRV-46038, 46039 POWER UNIT, CRV-2026
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RADIO NAVIGATION

nominal range of 100 to 1500 kHz and incorpor- The Navy's direction finders, until 1928, had
ated new techniques as these became available, been constructed in-house, the loop by its
These equipments were obtained in considerable Philadelphia Navy Yard and the receiver by its
quantities and installed in the coastal chain, Washington Navy Yard. At that time, the Navy
which was extended to include South America began procurement of its direction finders from
and portions of the Pacific ocean. In their commercial organizations, obtaining a large
procurement, except for the Model DK, NRL pro- quantity of the Model DK and DL equipments for
vided technical information resulting from its both ship and shore installations. Numerous
research work for specifications and surveillance complaints of their unworkability led to their
of the manufacturers to insure satisfactory ser- rck.ll from service. NRL had not been brought
vice operation 9  into the matter of procurement of these direction

tindcrs, but when requested verified their poor

RADIO DIRECTION-FINDER peLrformance, which was found to be due to im-
DEVELOPMENT (SHIP) proper design. In the meantime, NRL had de-

The Model DA direction finder was followed veloped a direction finder which was the first
b the Model DA direton f00k),ine ndoed equipment to provide unilateral and bilateral

characteristics with a high degree of sensitiv-
extensive installation on battleships and cruisers i and stability (1930). Accordingly, NRL re-
1)22v. In 1920, the Navy became concerned designed the Models DK and DL equipments,

about the poor performance of the Model DB on
its battleships, particularly with respect to bear- ad folloi N ld the ashingtoning taen n potingaicritt-trnsmssins Navy Yard modified all that had been pur-ing s take n o n spo tting -aircraft transm issio ns c a e . W e e n t l e , t e e m d f echased. When reinstalled, these modified
intended to be used to place salvos on the battle equipments proved "superior to any direction
line of enemy ships. A board was appointed under finder apparatus now in service" ( 9 3 3).1
the Commander Battleship Divisions, Battle Considerable financial savings resulted from this
Fleet, to consider the problem. NRL provided moditication, This was of importance at that time,
technical support for this board. The ensuing during the depression of the 1930's, since funds
investigations of Model DB installations on the were then difficult to obtain. These direction
LISS PENNSYLVANIA and the LISS MARY- tinders continued in service during World War 11.
LAND disclosed that deviations as large as 20 Ater the Model DR and DL, the Navy procured
degrees existed, even though the loops had been of direction finders from commerciala series "dietofidrfrmcm ria
installed in favorable positions in the foretop or concerns, with NRL providing the necessary
mainmast. However, this position did provide technical support and surveillance. 9' 2 The most
freedom from variation in bearing deviation due significant of these were the Models DM ( 1931),
to movement of guns and other structural ele- DN I19.42), DAE (1942-1943), DAK (19,2-
ments on deck. NRL determined that the devia- 19+0, and DAP 09-i), nominally covering the
tion experienced in shipboard direction-finder installations could be greatly reduced range from I 00 to I1500 kHz. These equipments

were installed on all classes of Navy vessels,
by providing a closed loop about the direction including submarines. They were gradually re-
finder through connecting the after stack and moved from service after World War 11 and were
the mainmast with a cable and arranging the replaced by other navigational systems.
large antennas to be open-circuited while
taking bearings. This technique later was
generally applied. The improvement in AIRCRAFT DIRECTION
bearing accuracy obtained was considered ad- FINDERS
equate to place a line of fire on some part of an
enemy column."' All the Navy's battleships During World War 1, the need for large-scale
were provided with direction finders, sea surveillance to locate enemy submarines
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brought about the development of the large Navy course. Fortunately, one of the destroyers sup-
"Flying Boat" (types H-16, F-5-L) and a require- porting the flight was close enough (50 miles) so
ment for navigation by radio for use on long- that by boosting its transmitter power to the
distance patrols. Rotating-loop type direction limit, direction-finder bearings were taken, and
finders were developed and installed in the tail the plane was brought back on course. Otherwise,
structures, which were large enough to accommo- the historic flight might not have been completed.
date loops of considerable size."3 While the fabric The effectiveness of the direction-finder im-
covering of the tail structures permitted the provements was demonstrated subsequently
direction finders to function, their accuracy and by pre-NRL staff members relative to the
operational range were limited by the severe feasibility of the homing of aircraft on air-
interference due to the high-level emissions from craft carriers, which were soon to become
ignition systems, difficulty in making oral signal available. A type F-5-L seaplane, properly
observations through the intense acoustic noise, equipped, was flown in a direct course from
and large bearing deviations caused by the prox- Norfolk, Virginia to the battleship USS
imity of tail-bracing wires about the loops. OHIO, 100 miles at sea. On its return trip to
Direction finders in aircraft were of little use Washington, D.C., bearings were taken by the
until after the war, when these difficulties were seaplane on the USS OHIO transmissions
overcome. Staff members of NRL, prior to their (507 meters or 592 kHz), at a distance of 190
assembly at the Laboratory, had been engaged in miles (1920).'51 .16 When the metal-hull sea-
the development and improvement of these direc- plane came into use in 1925 (type PN-9), the
tion-finder systems, an effort which was continued direction-finder loop was relocated on the top of
at NRL. Through experiment it was established the hull.' 7 The loop was rearranged inside a
that while such steps as the isolation of the radio doughnut-shaped shielded housing, which pro-
receiver from the ignition system with respect to vided acceptable aerodynamic performance for
the power supply provided considerable reduc- planes of that day. This arrangement also disposed
tion in interference, only complete shielding of of the "antenna effect," greatly simplifying opera-
the aircraft ignition system would eliminate the tion. Various types of direction finders were in-
interference' 4 Adequate shielding permitted the vestigated, to determine the features most suit-
use of newly available radio-frequency amplifi- able for aircraft use. NRL in cooperation with
cation to raise the signal level. The introduction several manufacturers developed a series of air-
of closed loops about the direction-finder loop craft direction finders with these features
provided compensation for bearing deviation, including the Models DUT, DV, and DW (19 38),
Through the use of the "maximum" instead of covering the frequency band 200 to 1500 kHz.'
the "minimum" method of bearing determination, A Model DZ (experimental designation CXS),
full advantage could be taken of the signal covering an additional range of 15 to -0 kHz,
strength. These measures, in combination, first for obtaining bearings over long distances, was
made the use of direction finders in aircraft opera- also developed 1939).'" The difficulty with

tionally practical. The results were applied, as far .night effect" at these low frequencies was
,s was possible, to the N('-.i Flying Boat, the avoided by selecting transmissions from stations
first aircraft to make a trans-Atlantic flight at proper distances for taking bearings.2 0 A fea-

() l)).13 '14''' During the flight, to lighten the ture of this series was the use of very-low-

craft the separate battery supplying the radio re- impedance loops, which avoided the loss incurred
ceivers was discarded, and the receivers were in the condensation of water vapor on the earlier
supplied from the ignition battery. This arrange high-impedance loops. These direction finders
ment greatly increased ignition noise, reducing were installed in type PBY and PDM patrol sea-
the range of the direction finder. Enroute from planes and were used extensively during World
the Azores to Portugal the NC-i's magnetic War II, until other systems of navigation be-
compass failed, and the plane went badly off came available.
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THE NAVY'S NC-4 SEAPLANE. FIRST AIRCRAFT TO FLY ACROSS THE ATLANTIC OCEAN (14)19)

S~tmi %i,, Iicr Iic- .tc imirt t the iirtizitui N RI srtt s%%*rc rcsponisibl i tdi ratdw~ inscaiII.ir~ti .ihird this .im~rati 1 he
NI, As ou.Inctri, -ip.m~ t.ii ci iiriit. the 1tizlit K id it imit Ix-ii toir r.iiiiioi re~ttiii tindeir i'cinps takci ti n trdltmlssioils
trinl.t sui pii rtllumiivstriivr. thiv tligi.to iuiui pin hwy cul iuc ti The N( A isiisumn in the ilpIxr lett photo in the harhiir
.It I ibon. Poriutig.i 'rhv mlt, r.tt stiii radw ltlmnlul...in ittst.diain int lily the Nidci S1I IM), ',00twiti spark transnmitter
iplcr rightl 1. .1 rtti cr 'll, in~i .uitaiiii midI lIreI toniih tiitir iisi nitiii Iivvlm r Itit .inidi In ittynna sistemn iiiwr ri~zt
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60834 (H-432

FIRST DEMONSTRATION OF THE FEASIBILIT'Y OF LONG-RANGE RADIO
HOMING OF AIRCRAFT ON AIRCRAFT CARRIERS (1920)

A s% it (ivt who later ltan a11 .1iniiiroti N'RI.s srf Ir(cd n.dq~w quipix-d F-S-I. %va,lat.in

100l niIvs Iirctl%, to the. battleship P"S OHIO. it wi in ai lotirion tinknim~n to the mlrLrat% s (%

rncnilmrs. bua~rii "urt raiktn on thuc rtuurn trip mi ai di~trin ot 1')0 mi les Thua.ir~rAlt uqUip11nrt

A niloor c Ituntt in thuc u-vs . Inu'VVII AASC I0t 11o rut PCI ornluu s ding oA thtu 11MInuS tginu nIgl
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FIRST AIRBORNE RADIO DIREC'T ION FINDER FOR LONG-RANGE BEARINGS
ON V'LF-THV MODEL DZ 093)

NRL disci'vcred that the largv bearing errorS dUC to 111C "night clihkt at \'IF kould Ix .ivoided by Selecting the transmissions
irri staitotns at proper distanccs This li scovurss resulted in thyc devc liptncrt of thc Mo del IZdi rCition findecr (1 to 1Si 0 k Hz)
'Ii, d trutiti iiidcr "wis insrtl 1Cd In t\IXPe lI i YAnIId P 1) M pat rol scapis~ 1 d Lt, Itit wtI s LIS ,i XIC [mIS I VUlI d ur ig. A\rlId \A *r I I
n Imny-raiti patr 's Thc loop .inri.,imi is Shown at IT. and tht rvi civer is at A

The development of direction finders operating LIEXINGTON (CV-21 and USS SARATOGA
at the higher frequencies is treated in Chapter 8, iCV-31 in 1928, there was need for a suitable
titled] Electronic Countermeasures.~ When means of' navigating carrier-based planes to and
diretion101 finders at these frequencies became et'- from carriers and air facilities ashore 2i Sing~le-
fccive. the pulse techniques resulting from radar seat fighter aircraft were equipped with direction
were aipplited to tnavigatiional Systems such as finders with fixed loops mounted in pilot head-
Loran, widh better naivigatiional accuracy. Thus, rests or wouind around fuselages. This arrange-
the high-freq uency direc lion fitnder bcame int required objectionable swinging of the
rinci pal ly an instrumecnt for determining the pit, planes to obtain bearings. Uarger carrier-based

Soio1n of the SOUriC eOf cenmy radio emissions. planies were equipped with externally mounted
rotatable loops, remotely operable by specialists

AIR(RAFTHOMIG SYTEMaccompanying the pilot. As the performance of
airi ratt increased, these loops, in the air stream,

Wheti aircraftt Larriers first be anie available, adversely .ifected speed and maneuverabi lit%-.
the US 5l.A NG I.FY JXVI in I1922, the lASS Ocher means had to be devised. In dealing with

2-I



RADIO NAVIGATION

TH MODELS YE.

TE PRIMR andAF-OCARE th ibrevuperup R ADorInsaO

beo experimetl mode sbiown here develsope by nmunR
type-) TFo,~ fimprised hpbar epmnt th Mo 1 del

and the Mtodel R17 hi uh-trequenL\ rt L iver. %sh i h was also
used for Lonimu 0catiisn
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this problem, NRL developed an aircraft radio 1938, stated "The acceptability of the princi-
homing system which was installed on all the pie of a rotating superfrequency beacon for
Navy's aircraft carriers and their aircraft, homing to aircraft carriers at sea or landing
and which provided the primary means for fields ashore has been fully demonstrated."
aircraft to navigate back to their carriers He made the recommendation, "Adopt the
during World War 1I (Models YE-YG/ZB) (Model YE) system for primary means of
( 19 3 7 ).11-2 NRL's experimental model was homing carrier aircraft."2 3 As a result the
installed on the carrier USS SARATOGA, system was installed on all aircraft carriers
flagship of the Commander Aircraft Battle and extensively used during the war in the
Force, then ADM E.J. King (May 1938). After Pacific. 24

witnessing its performance, ADM King, in a The system had an operational range out to
letter to the Navy Department dated 29 Aug. 2-S miles, dependent upon the altitude of the

G YE AIRCRAFT HOMING SYSTEM
SG SEARCH RADAR

SC-2 SEARCH RADAR SP SEARCH RADAR

MK4 FIRE CONTROL RADAR
SK SEARCH RADAR

MK4 FIRE CONTROL RADAR

CARRIER INSTALLATION OF MODEL YE AIRCRAFT HOMING EQtIPMFNT

Amongt rhe rI1~fIu t (m fl)1U qlilp nlt flS I kl l ' Ar (CCI t s. the' Mode l rflt htlii ni fqUl p n n wnr w gt en cop p fOflm.

in vs , oi I is mixrlantc it) the saudt v of aurier a.r C.it and crews The nst,il.tion shom n w.v ;b 1oad the ISS MAKASSA

STRAIT, F ', IQj
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.iiraf 1.ut WAS uS Ieed mec.r coisider.ition of phibiout. landing navigation system. Model

.clterlnAW. However, its devvelopment was de YL-YN 0l942).16 During the war this system
lived. since tranismittig vatuuim cuies produc~tig provided a mecans for guiding landing craft
adequate power am . frequec% highi eniough co) to particular points on beaches under condi-
provhide equmiment of t size acceptaible tor air- tions of darkness or general low visibility.
cratt amid shiipboard intISallations% did [lot IV- The1C Model NT. equipntelt, i nst.tI led ol a1 trans

omile a."ai lable unltil I 0; port or other \ve.l front wh ntlh lanidinig op-r.

"11wl SN'StenticluCLded a rotatmrg b-em .intenn. c ins were directed. laid dow-n two ni-ro beams

moun111Vtil fnte irricr, %ich~l t ratnsnitted co0ded (0. degree) horizontadly displat%:d k. .I Small

sigim~ls i idetthing tweclve equial stettors as flt, Anle The letters A kdt-djish) mid N ds-o
antiti.i rotated throughic iOdges Mdl imvrl.iced. wecre rntimtted k wtts) bN the

Y* YLO The signials 12 10 MI lz. modu l.ited I,% respct iv be.is The Iridlinig kr.ifc. uisng the(

*".W to S '0I) kli? were rcviei onl thelt, rcr.itt mtirborne1 homin11g rcei~ Iit system, ModelI RU

oil Its st.11md.ird Mtodel RIU comitmiictioii re /11, could deterinet fron flte relatie streiigltho

tciver through flte use ot .u trequentikv conlverter thle A mrid N signiuls whethecr it wAS to thle right or

MNodel ilI) The strongeLst signal rid ited flt, lt of flte course, At "on course." thle A mid N

paurtn.ulair sector otkupied Onily I still. Simtple signals merged ito g,'ive .1 ~tinitoutis si~zitml ie

mittenit w\.i. required onl flte tircratt. A komp.t. Model YN equipitit \\.is a b.itter\ .oper.ited

I gteih omiNed hominlllg .1nd1 L0ommuni1 t rmisntitt itng buoywvtn \\th wa\.L plmited At flte

ition01 eqilpmenit resuilted TVhe Model Y6. was .i L0oiCTtitaed be~ichli Litig poiit, or At a skiui.Icl

port.tblc. lower powere-d versioni inistalled on distance oil Shore- \\'tidic hmid ot thec Model Y N
'ome ofth dcSmaller carriers signal. rckeivcd oni thev Model Yl equipmntt, flte

The. hloinIzI systemI had .i duAi frequiency sliphboard operitmor LOUild .lurc t the Model YI

wut. It otiuttsed the J~ipanese Adiuir.ils, wl-ho reail beAnts1 .n1curateli to the ILidiig point Thei NlodIel

tIed, tht ouri VptANes, WeTe %hSSWI 1esfu trI -murng Y N \\.s equmjiped w\ih .i t ifer set to begi i traits
to their irricrs but did niot underistanid how this mi'1sitori1 i te proper tiiin Sitiv flte c.irrier

\\.is .n~contplishecd itI onec oflt- reported imi i ' io NMl1zot the Model Yl 111inn "'A itd

detits ot urriig duiring one oft the( V'iles IIt thle tilited if trequiti Its it thle rmnge -40 ito S ;0 kli :.

Mt.iitas, \lhere- IIt fleit' .1ing houI~rs of d.ilighti upt ito ;0 courses coulld be, laid do" iti .IIIt .rc.i

ouir plaites tollow.ed up tle strn. kei eitein titrly "~itltt nmttuil i teteretttv e.to esl~teditc Lind

to tite' Iittit thirCI tuI would I'ernMit. Ilost of tilt' nci A nu imber of Modeil YI Y N equip inc n

p'lifis .1i1d dt-eir pi'lots %Vc.rc saved by\ hlotttntg \\erc prokutred dorini World \\.ir 11. flte tirst

b.. k ito their .trriers ItI tIte dirk \\titlt lt equS~ip1 MAN iinstiled .11d11ifa tSLori l demitistraited oil
.t-I ~ Thec ittiit glowntg rep~oris rec civ front flteV I 51ARRY LIT~ kAl I 10 1.i

ouit unlits .iitd iitdiidual pi lots "llIose lives

\\eCI s.ived iiitr tr\ing tirkciiinstiws ittsted ito AI RCRAFT N AVIG(ATO4 RS
it itini' frathk emaid valuec of tttis NRI develop- Altitude. Giround Speed. D~rift)

11itTh Britishl also evettulv dote'd (Itis
sitstem ~ ~ ~ ~ ~ ~ ~ ~ ~ Ii to Nir.rivusrm 'ics~cmtr tor litti years. ha.d usedthe bac ,.ro

( s s t e ttt I I r L is t' iI I l It . r i ' r A . I 'r r . 1 1 t ' d ie It l lt 1 t e tr n t y p e~ o f it i t r fo r d tt r i t t i i g ti t e

tiitiediii se ntilit ~isrei'.. d l' tle .n *it hight of Its .1ir rm above g ro I rd, .1lt10.0 hIt
Lin.ked tlit, n uici titeessatri for ecrti ii air

imii.toi ftimitoits, partilairlh it boimn It

AIM HIM 'S ANDNGilso 11.id [Ito S.IttsfAt nrN 1ne.1Itt ot dteritiiiig

AYTN NtPl 105IANDN oit peed mitd drift Of AiMi rft due to ss md. re

qitire tot .ndmt dad rekoit &z NRI.. itI

I igcert .tin component% de,.elopedl fortIhe \ . .I% requjies(ed b's the N .i\ l'partc itteitt

Aircraift homing system. N RI de' ised an am- desc se . st t .N.o method ot pno~tiding for



RAIO( NAV1(i.A1IO(N

__ IT A

ANI'ItIBI('4S I ANIM.~ RAIO. N A%'I(,ATION

11111 NH K I, t ty 1$ * it III I0 ii Jic A .c V II B t~iW r lZiIiiiCl

Lmdlillii 'T.iti Ill 1,it it J p", m' oni b tit-, wii -f ndt ,isi

.~ i cri , s ! I,( (.o I .ir *1h .01 iIll 'l ' hi: 1sil i

.... ii od \Ic N quiip

ME Sit i"V s c t a l nc i ni d~hh iti rhc de Ired I a nuui it 1 z

1", III ,It h ,r ,I , 1, , r <, 11, ti ,1, rI tit- Yh I \ 1 I'lI'iaird

ri ti , St t usc-,J tit N \ N Ircu:I t I J Iirv t it% irmcicsmiitciI bciti

.ilm ,u Ji ii: c,, s rnc-p ciint s kii 5qiu~A cis i rX Id J %%n,



RADIo NA\AVIi.JoN

these functions. NRL_ experimented with an cent or origzin are the AN APN -1 -11 (1960), Elhe

Acoustic beamn method in which altitude was AN APN -1-1 I I Q,8), fot rotar-wV*ing aircratt.
obtained by mneasuring~ the time interval between And the AN APN- I11- k) I Q-0) for fedinzair-

promection oit acoustic pulses vertically downvi- craft.
ward and reception oft thle chloes returned from

tile grond surface. Ground speced and drift were AUTOMATIC AIRCRAFT
deterutli Ied by\ Measuring the LDoppler differeiwe N AV'IGATOR
III frequenicy biete the beaumed ener ' y pro-

ect ted downwvard at ant angzle of' ;0 degrees ivith NRL's 1934 experiments on 3000) NHz demn-
the vertic~al and the receivedck, reflected enert,:y. onstrated the feasibility of using the Doppler
W\hen a systemt based on these principles ws i m principle with at ground -projected radio bearn
Stalled on the d irigibl It ISS AKRON, it wvas to provide ground speed and drift for air-

tound that air turbulence prevented rckepi ion oft craft navigation. N even i-less. inai \ecars

ekihoes whlen thle Speed exceede'd 20 mile1s per e lapsed before sut able 01mpo1ets were de\ ised

hourLi k 1 '; This observation led to adecision it .ini beflore, iht bulk and wtL izhitiof the equipment

atti (th objective wvith the list, oft raid o wvavs koilld be. reduni ito pros ide ,operaitti .kceptablc
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\\.as nt untilt SUItCAbl elctron tubes waith d- flte objectcive NRI's ti~OriS 0oitiiuedibrugIl
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dised tHIM I.m1Cep.IbHe altitude measureImeiiis rjii.ir 9 ( oisiier.ibl- d.ir. it NCs.i returfn \Nerc a,

k inIid ltin .idc quire ito make ceri.tin tlt.it SAIS.itior\ opcrmitoi

As a phase of its early pulse-radar program. o\ver the Se.tias Well iS l.1ii1d w-S 1tiasible" I IONN

and in view of its importance to aircraft navi- i-s ir it %\.Is not0t 1111 atti(r t lii' \\ r t1.1 it' he 11b

gation, N RL developied ain altimeter using I I w a1a, ISAIne1[t- At thu tin ai n.11 11.1\itors Nitl

radio pulses for accurate indication of the ild to dcpend iipoii .1 kitibi ti. oi ot Star tI ixe.

atu~al height of aircraft above the earth's I oranl tlixes, \visual fi\es. i0iidt t iie i spt ed., drift

Sturfate (I 939M. " This altimeter wa is put into ighiti t nitortuat Ion. and such I k nowldg of~ wi: itN IiJ a
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Since its operat ional frequency of So N1111 ik, Ilia, or was unav.it iable, and part Jipett i 1tt

wais high enough to permit the use of rela- i sibit n iot alway s present An impoxrtant ad-
tively- small antennas, NRL quickly modified %ance in air navigation was ushered in vhen
the design of the altimeter to provide the NRI. developed the first automnatic aircraft
first U.S. airborne radar, which has alreiady navig~ator (19)49 )."1 This equipment was pro-
been descri'ed. lit NRI's ilti meter. thle trais t-ured and installed in Navvi aircraft and --as
itt itti ii Ito returne.d f rot grOUtid wasI displas-ed designated the Miodel A N/AIPN - 6 C. It wasi
AS .1 rild ialk lvt splaucd "p ip of it ici rkulai Ss eeP oit the forerunner of a succession of Automatic
a kathuode rt tuibc. the sunse type kif display\ used aircraft navigators emiploying the same basic
IIn ft(- ir-( .t rdar The' M.IC btICMetit the Ipls principles and the unique techniques devel-

or ni spo~itn to the iiititt i-dML mJd reflected oped by NRL. Tlhe S\StLiit uitlll;i-i IO rad1iol

pitlsis represeil -d thne altitulde Tlii- atltnte- beattis diretid doss itard front the iir~rift, to
%%.I aftl zit LtilIt~ "f a1 Strics of ir, (ift pul n i t s right attl lift. rcSpc~ tteli1 Ibe sizii ct

lu-(tens. thiou'saiis of t ,h ~s-ke Nu1ed1 1 c t tirit,\ ri-theioi tfront ilte Nse.i o: i~ount2 sir
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THE NAVY'S FIRST RADIO PULSE ALTIMETER (1939)

This radio pulse altimeter was developed by NRL to replace the generally inaccurate barometric altimeter. The instrument was
designed to give an accurate indication of the actual height of an aircraft above the terrain, rather than an approximation based
on air pressure. It was put into production and was installed on Naval aircraft. The altimeter had ranges between 1000 and 20,000
feet, with a pulse length of 0. 1" microsecond. Shown here are the cathode-ray-tube indicator, with circular range sweep (upper
right photo), the transceiver (lower photo), and the antennas below the fuselage of the aircraft (upper left). Since its operating
frequency of 500 MHz was high enough to permit the use of small antennas, NRL quickly modified the altimeter to provide the
first U.S. airborne radar, the Model ASB (1941).
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(H-441

THE FIRST AUTOMATIC RADIO DOPPLER
AIRCRAFT NAVIGATOR (1949)

This NRL-developed automatic aircraft navigator was the first of a
series of models.9any of the later models were in active service in
*l] US. mift services, for both fixed-win& aircraft and helicop
ters. Commercial aircraft and British military aircraft use automatic
navigators based on the original NRL concept. The transceiver of
the equipment is shown at upper left, the antenna mounted below
the fuselage is at upper right, and the operator's consoleis tit lower
left.

pro~duce two doppler frequencies. The sum and the aircraft's automatic pilot, it makes corrections
difference of these yield the true ground-track for drift and enables the desired course auto-
velocity and drift angle. With the insertion of ini- matically to be maintained with a high degree of
tial latitude and longitude, a computer makes the precision. The series of aircraft navigators which
necessary computations to provide an accurate followed the AN/APN-6' have benefited by
display of the current position of the aircraft at the results of NRL's subsequent work.3 This
any moment. When the information is applied to series includes the Models AN/APN- 122, 2000
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procured (1958); the AN/APN-153, 4500 pro- USS PHILIPPINE SEA (CV-47) (1948).
cured (1963); the AN/APN-187, for ASW air- The special components for these installations
craft (0968); the AN/APN.190, for attack aircraft were furnished by NRL The Bureau also initiated
(1967); and the AN/APN-200 (1971). The last contracts for additional installations, including
four were in active operation for many years by one of the USS ORISKANY (CV.34). In the de.
both the Navy and the Air Force. These models monstrations on the USS SOLOMONS. the NRL
were obtained for fixed-wing aircraft. Others in- system was used to control aircraft on 141 ap-
tended for helicopter installation have also been pro- proaches. Fifty-seven of these were made with the
cured in large numbers. Commercial and British pilot in a hooded cockpit, 19 were made at night.
aircraft use similar automatic doppler navigators, and 15 were made with the carrier and escorts

totally darkened until the aircraft was less than
200 yards astern of the carrier, in landing posi-

CARRIER AIRCRAFT TRAFFIC tion. In a final demonstration, under conditions
AND LANDING CONTROL previously considered impossible, on a night

Since the Navy's early experience with carrier when no horizon was visible, in rain, with seas

aircraft operations on the USS LANGLEY in roughened by 43 knots of wind and all ships

1922, it became increasingly evident that many completely blacked out, an F6F plane was landed

difficult traffic and landing-control problems, in- on the carrier, repeatedly and successfully. The

volved in dealing with large numbers of aircraft unique features of the radar system (X band) in.
in the highly restricted carrier air spaces, had to cluded an antenna mounted on the after edge andbe solved before an operationally satisfactory all- slightly below the top of the flight deck. Thisweather navigational system could be achieved, antenna provided a beam, broad in elevation butweater aviatioal ystm culd e ahieed. sharp in azimuth, which horizontally scanned the
Of particular concern were the difficulties in op- arp intazimth, chorie otall saned the
erating under conditions of poor visibility due to area astern the carrier. Another feature of the
fog, rain, and darkness. These difficulties were system was an indicator which clearly displayed
vividly highlighted in carrier aircraft strikes in echoes from the approaching plane as it entered
the Pacific during World War 11. Although radar the glide path. This indicator gave the Landingand other navigational aides had then become Signal Officer (I.SO) the position data required
avalbe othey weregonot aideq e hat then shot a to keep the aircraft accurately approaching theavailab le , the y w e re no t ad eq u ate at the sho rt ap - ca r e , nd t e i m g d ta e d d to e e -
proach ranges to prevent aircraft returning to
their carriers from being lost when visibility was mine when the aircraft would pass over the end

low. Furthermore, injuries occurred to planes and of the flight deck, at that moment, the LSO's

pilots in contacting carrier decks during landings, "cut" signal would drop the aircraft precisely

since the judgement of the pilot and available onto the carrier's arresting gear. The plane was

aids were not always adequate to contend with first picked up by search radar and identified by
the combination of proper glide path, high land- CIC, and the pilot was guided by voice communi-
ing velocity, and the rolling and pitching of flight cation into the sector scanned by the new radar

decks, particularly in bad weather. To improve system.

this situation, NRL developed a radar carrier- To further advance the Navy's carrier-aircraft
controlled approach system, through which traffic and landing catbility, NRL carried out a
the first landings of aircraft on a carrier in study of operational requirements and the rela-
complete darkness were accomplished. The tive potentialities of homing, radar, communica-
practicality of the NRL system was first dem- tion links, radio direction finders, and. dead 41 V
onstrated on the carrier USS SOLOMONS, reckoning to satisfy these requirements (19 41)M
CVE-67 (19 45).H As a result, the Bureau of Following the study, NRL developed the Data
Ships installed the system on the carriers Relay Navigation (DARN) system, which was
USS VALLEY FORGE (CV-45) (1947) and the first automatically to control the flight of an
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aseveer the tinc path about a carrier reau of Ships and the Bureau of Aeronautics
amn evry now and Sight down the landing from a contractor under NRL's guidance (Model
gd pub 419i) " NL's DARN sysem was AN/SPN-10, which later became Model AN/
also fim to empb" a dsglua dea ik beee SPM-42). With this allweather carrier landing
carrier and aircat forth sammmmwss of dsa system (AWCLS), patterned after NRL's sys-
to control such fight of an rcralt aw ea mm e, the first fully automatic landing of an
toring of it by the pilot. The system ,m Iu.k., A .n raft en a carrier to "touch down" was
precision radar to locate the aircraft and to drete nde lo an FID jet on the USS ANTIETAM
mine its altitude and position relative to the a wa , 4ek. ,iem of Pemncola, Florida on
carrier deck during the approach phase, and a 20 Aug. I9ii Newly 100 fully automatic
tracking radar to provide the glide-path data in landings were made dte that week. In I
landing. An electronic computer aboard the car- subsequent iu, tallaas tih Alh It has be..

rier calculated the course direction information, proven operationally practical and %A* hI *
which was transmitted via digital data link to the variety of aircraft, from fightes to bmmbe.,
aircraft. In the aircraft, another computer proces- that have performed over 10,000 fully auto
sed the received data, together with locally matic landings on carriers and at airports.
derived altitude, and put it into proper form to The AWCLS (Model AN/SPN-42) was first in-
permit automatic control of flight through the stalled for operational evaluation on the USS
autopilot. A visual display of the data provided FORRESTAL in 1967. The first "production"
the pilot with monitoring and override capability, equipment was installed on the USS KENNEDY
NRL assembled an experimental system at its in 1969. The system was installed on several large
Chesapeake Bay site under conditions simulating carriers. About 1500 Navy aircraft have been
those of the carrier environment and conducted equipped with the airborne components of the
a series of flight tests to determine the accuracy system.
that can be obtained in automatically controlling
an aircraft to follow a specific flight path (1950).'*
These flights proved that automatic control of car- PULSE NAVIGATIONAL
rier aircraft, particularly during the critical flight SYSTEMS
phase of entry into and down the glide path, was
fully practical. Experience during the trials of the first opera-

During the final phase of carrier-aircraft tional" radar (Model XAF) on the USS NEW
landing, considerable difficulty had been experi- YORK in 1939 indicated that radar would be of
enced by pilots in properly judging the attitude of great value for navigational purposes. In its early
the carrier deck and making compensatory flight use in the Fleet, this observation was confirmed,
adjustments, to avoid serious injury to pilot and and navigation became one of the important func-
aircraft at the instant of contact. To permit design tions of radar, as has been previously indicated.
of the automatic control feature for this phase of The availability of the radar pulse technique en-
flight, NRL developed instrumentation and con- couraged the conception of other pulse navigation
ducted measurements on several ships which systems, one of particular importance being Loran
made available the first precise data on the char- (Long Range Navigation), proposed by the Radia-
acteristics of carrier-deck motions. Analysis of the tion Laboratory of the National Defense Research
data obtained permitted circuitry to be devised Committee (1940). 41 This system permits ships
which provided prediction of deck motion to and aircraft to determine their positions through
effect, through compensation, the smooth landing time differences between pulses received from
of aircraft automatically." The results of this and several shore transmitting stations. Two forms of
NRL's earlier work were incorporated into carrier this system are in general use today, Loran A
landing equipment procured jointly by the Bu- (1.85t -0.1 MHz) and Loran C (100 kHz). Loran A
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A pet aircraft approaches the deck of the USS ANTIETAM
asnd is located by radar,

Ao Its altitude and position in relation to the carrier deck are
determined, and course corrections are made to put it in the
proper position for landing.

The information is transmitted to a dlevice in the plane which
asutomatically makes the required adjustments in course.

The plane touches down and the landing
is successfully completed.

ALL-WEATHER AUTOMATIC CARRIER
AIRCRAFT LANDING SYSTEM

The first completely automatic: carrier landing of an aircraft
to touchdown iModel F'.I. let) was made Aboard a carrier
ITSS ANTIETAM using An All-weather system (Model

AN SPN. 10) based oin NRI's developments( 9.

The Model AN.SPN-l10 shipboard equipment
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provides coverage out to 1000 miles in daytime aircraft (ship models DAS series, AN/SPN-40;
and 1200 miles at night. The relatively simple re- airborne models AN/APN series). NRL pro-
ception equipment required by the system is con- vided technical support for the Navy in the
ducive to widespread use. Loran C gives some- procurement and improvement of these trans.
what greater coverage and greater accuracy, due mitting and receiving Loran navigation
to cycle matching, but the system is more com- equipments to insure satisfactory service oper-
plex. The Navy sponsored the procurement of ation." The Laboratory installed a Loran station
equipment to establish a chain of Loran A trans- at its Chesapeake Bay site to conduct investi-
mitting stations (Model TDP transmitter) to gations. These were concerned with such aspects
provide coverage of the North Atlantic, the as system performance, pulse shaping to minimize
Aleutians, and central and southwest Pacific areas, sideband emissions and maximize signal-to-noise
(1943-1945). The U.S. Coast Guard, then part of ratio, pulse timing control oscillator stability to
the Navy, was given responsibility for the opera- provide greatest precision of station synchroniza-
tion of these stations (1943). The Navy also pro- tion and position accuracy (Models C-1, UE
cured receivers for installation in its ships and timers), equalization of station pulse responses in

LORAN NAVIGATION

NIL me& .' -6w s~ pen - sad impfoveei of Logan nhviptco transmiteri and
VMO ~sh sowlin ~ -we' owu 190.1945) 71w ModelDAS ameler-inditauork dasown here.
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reception to prevent receiver blocking, and cycle Research, with membership from cognizant or-
matching to secure higher precision in position ganizations, including a representative from NRL.
determination. This group studied all existing and proposed

When the special navigational requirement long-range navigation systems. In its report it
for submerged reception aboard Polaris sub- gave recognition and support to NRl's work, then
marines arose, the Navy sponsored the establish- being directed to a navigational system using the
ment of the Loran C system ( 19 5 7 -19 6 7 ).a The lower radio frequencies, which gave promise of
submerged-reception capability of this system is providing coverage over long distances and recep.
due to its frequency (100 kHz), which is low tion by submarines when submerged. 7 This sys-
enough to permit the transmitted emissions to tem (Radux, proposed by J.A. Pierce of Harvard
penetrate the surface of the sea. Transmitting University under sponsorship of the Office of
stations were established, covering generally the Naval Research) employed several remotely lo-
same areas as those covered by the Loran A sys- cated stations, sharing time in sequential trans-
tem, with the additional coverage of the Mediter- missions on a common carrier frequency. Position
ranean Sea. These stations are also operated by at the receiver location was obtained through
the U.S. Coast Guard. When the Navy procured measuring the phase differences between the syn-
receivers for its ships, NRL provided the neces- chronized audio-frequency modulation on the
sary technical information for the specifications low-frequency carriers of the respective stations.
(Models AN/WPN-4-5, AN/SPN-40). NRL con- Latitude and longitude were obtained by refer-
ducted investigations to determine the pulse ence to a chart displaying the resulting family
requirements of the system and its operational of hyperbolic lines of position. In 1947, the Bu-
performance with respect to reception in sub- reau of Ships had sponsored NRL's study of phase
merged submarines.4" The Laboratory also de- stability in the propagation of the lower fre-
vised means of substantially increasing the accur- quencies and the development of reception tech-
acy of position determination under adverse niques for long-range navigation, which in 1948
signal-to-noise-ratio conditions. 45 Originally all were directed to the proposed system. In 1950
the Navy's Polaris submarines were equipped this Bureau also sponsored the Naval Electronics
with Loran C reception capability. Laboratory (NEL), San Diego, California, in its

establishment of experimental transmitting sta-
tions located at Chollas Heights, California; Bain-

OMEGA - VLF WORLDWIDE, bridge Island, Washington; and Haiku, Oahu,
ALL-WEATHER, RADIO Hawaii. NRL developed the reception equip-
NAVIGATION SYSTEM ment, including the first electronic timer and

synchronizer to segregate the transmissions of
the several stations for their phase comparison at

A Naval Navigation Facilities Advisory Com- the receiver. The transmissions were of different
mittee was established in 1947 in the Office of the length to permit this isolation. NRL also de-
Chief of Naval Operations, with representation veloped the first precise means of determining
from the several Naval organizations concerned, the lines of position from the phase differences
including NRL, to determine the future Naval between these transmissions." The phase of the
requirements for all types of electronic aids modulation of each incoming signal was succes-
to navigation. Among the various aids considered, sively compared with that of a stable local oscil-
the committee formulated the "military character lator, and the phase differences were stored. The
istics for a long-range navigation system." In lines of position were obtained from the phase
1948, a Long Range Navigation Aids Analysis differences of the stored values. In carrying out a
Group was established as a subsidiary of this com- program cooperative with NEIL, NRL provided
mittee, under the auspices of the Office of Naval six reception equipments, and these, with others
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obtained from contractors, were used in deter- Forestport, New York; Summit, Panama Canal
mining the performance of the system through Zone; and with the cooperation of the British. at
observations at various points on the east and west Criggion, Wales (1958-1960). In 1966 the Wales
coasts of the United States and in Oahu, Hawaii. transmitter was transferred to Aldra, Norway, and
The relative efficacy of several carrier frequencies the Summit transmitter was taken to the island of
was determined in the range 24 to 104 kHz, as Trinidad. Based on NRL's earlier developments,
well as several modulation frequencies (princi- receiving equipment was obtained for observing
pally 20W) Hz) with respect to phase stability, the performance of the system at both shore
amplitude variations in propagation, and influ- points and aboard ship. The first Omega receiv.
ence on position accuracy and system reliability. ers utilized the signal switching-synchronizing
NRL also made atmospheric-noise measurements and line-of.position determining techniques
to ascertain the signal level required for accept incorporated in the earlier navigation receiv-
able indication of position. It also established that ers developed by NRL, as adapted for use with
the use of a loop antenna in various orientations VLF carrier phase differences (AN/URN-18
for reception aboard submerged submarines caus- and AN/WRN-2) (1959).sl The lane counters
ed no adverse effect on position accuracy.4' The were automatically actuated. A number of these
results of the work on this modulated-carrier sys- receivers were produced and installed on ships
tem during the period 1950 to 1956 indicated and ashore, NRL providing the necessary tech-
that it was capable of providing navigational fixes nical information for specification and guidance
with average errors of less than five miles at dis- of contractors and maintaining surveillance of the
tances out to 3000 miles. resulting product (1958-1960). These receivers

In carrying out the cooperative propagation were followed by the Models AN/BRN-4 and
effort, it was observed that the VLF carrier pos- AN/SRN-12, which were produced in consider-
sessed high phase stability, and that if VLF car- able numbers, incorporating modifications found
rier phase differences were used instead of those desirable for operational use. NRL acted in a
of the modulation frequency, position accuracy similar role in their procurement (1968).
of one mile could be achieved. However, the use In continuing its navigational-system in-
of the VLF carrier instead of the modulation fre- vestigations relative to Omega under Bureau
quency (200 Hz) for position indication reduced of Ships sponsorship.* NRL made widespread
the navigational lane width from 404 to eight nau- propagation observations on transmissions
tical miles and introduced a lane-identification from the several stations that had been estab-
problem. The use of the lowest possible carrier lished62 These were made to determine the
frequency would provide the widest lane and diurnal and seasonal variations in phase sta-
most favorable propagation characteristics, but bility and field strength of the VLF carriers at
would also increase the difficulty of radiating ade- points in the Arctic, temperate, and tropical
quate power from antennas of acceptable size. As regions. During the period from 1956 to 19,2,
a compromise, a carrier frequency of 10.2 kHz longer term observations were made at the Lab-
was assigned as the primary frequency. With eight oratory's local site- (continuously), at Iceland
strategically located transmitting stations radi- ( 1966 for one year), and Bermuda (1966 for one
ating a power of 10 kW at this frequency, naviga- year). With NRL-installed propagation-measure-
tional coverage of the entire earth would be ment equipment, data were obtained through the
obtained. These considerations became the basis cooperation of Norway at Bodo (1962 for 1-1/2
for the Omega worldwide, all-weather, radio- years), of England at Lasham (1963 for 2 years),
navigation system (19 56 ).50 For experimental in- and of France at Toulon (1966 for 1-1/2 years).
vestigations of the Omega system, available large
VLF antennas were used, and transmitters (10.2 *The Nival iIlttronis Syscms (ornmn.nd After retrg.iniz.tn ot
kHz) were installed at Haiku, Oahu, Hawaii; the Navy Department tin I~ay I )(,f1
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RECEIVER

EXPERIMENTAL OMEGA NAVIGATION RECEIVER

This receiver, developed by NRL in 1959, provided the critical circuitry
for the first commercially produced Omega receivers. It was made
without regardl for size, since it was desirable that circuit chanes could

be made readily in the experimental stage of system development.
An electronic synchronizer and mechanical servo system were incor-
porated.
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The Laboratory equipped a van to serve as transmitter and receiver when illuminated by
a mobile propagation monitor and with it col- solar radiation, an aspect of prime importance to
lected propagation data at points en route west to the system. Considerable phase shift was found to
Nevada (1961), north to New York State (1961), occur due to variations in length of the propa-
and south to Florida (1964). The Laboratory fitted gation path resulting from changes in ionospheric
its aircraft (EC-121K) with propagation-measure- reflecting-layer height, corresponding to changes
ment equipment and made short-term observa- in ionization. However, the analysis also revealed
tions at ground sites in Greenland, Iceland, Nor- that the changes were so uniform, diurnally and
way, Peru, Chile, Argentina, Brazil, and Puerto seasonally, as to permit prediction and the appli-
Rico in 1961; Hawaii, Tahiti, Fiji, New Zealand, cation of compensation which provides geo-
Australia, Singapore, Hong Kong, Japan, Wake, graphic position accuracy of one mile in daytime
and Alaska in 1963; and the Azores in 1967 and and two miles at night. With respect to transmit-
1968. At these sites the accuracy of geographic ter-power requirements, analysis of the data in-
position was determined by reference to survey dicated that when allowance was made for the
markers or the best geographic information avail- differences in actual power radiated by the experi-
able. The analysis of the data collected was direct- mental transmitters ( 100 watts by Forestport to 3
ed to the impact on VLF carrier stability caused kW by Haiku), the l0-kW radiated power level
by changes in the propagation path between the previously estimated would provide satisfactory

( 60634 (H -450)

NRL OMEGA PROPAGATION STUDIES

Omega propagation investigations were made by NRL during 1961, 1962, and 1963, both in the air over the
flight paths shown, and at ground sites indicated by the circles. Longer term measurements were made at the
ground sites. The four sites indicated by stars (Hawaii, Panama, New York, and England) are the locations of
the transmitting stations.
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reception out to 5000 nautical miles. The con- to develop equipment which would provide for
siderations indicated that eight properly placed the special functions peculiar to airborne opera-
transmitting stations would provide excellent tion." This program was subsequently sponsored

navigational coverage of the entire world, by the Navy Department, with NRL having sole
in-house developmental responsibility.' " Opera-
tion in aircraft had to contend with substantial

LANE IDENTIFICATION phase changes in the received VLF carriers.
caused by the movement of the craft at relatively

The Omega system requires the maintenance of high velocity; this effect is not of concern in
a lane count from the point of origin which, once ship installations. These phase changes vary with
established, is automatically kept up by the changes in the speed of the aircraft and its head-
receiver. While if lost the lane count can be re. ing with respect to the direction of the trans-
covered in several ways, to insure recovery an mitting stations. Since the availability of new
auxiliary frequency, 13.6 kHz, was introduced in. phase-difference data had to await the completion
to the transmission sequence. Reference to the of the sequential transmitting cycle, undesired
difference between the 13.6 and 10.2 kHz fre- error (lag) existed in the position as indicated. In
quencies, or 3.4 kHz, increases the lane width overcoming the difficulty, NRL developed the
from 8 to 24 nautical miles. To permit simulta- first aircraft Omega navigation reception
neous reception of the two transmitted fre. equipment (Mark I) (1961).5 Through many

quencies, NRL developed an adapter for the flights with this equipment, NRL established
existing receivers (AN/URN-18, AN/URN-2) the practicality of the Omega system for use
(196-1), involving a technique which was incor by aircraft. This equipment was the first to
porated into the later receiver, the AN/BRN-4 provide, automatically, a continuous graphic
(1968)'. The phase velocities of the two transmit- flight history of an entire flight in a long-
ring frequencies are nor the same, and application range radio-navigation system (recording of
of correction factors is required to insure accuracy position versus time). It was also the first solid-
in lane identification. These factors were deter- state Omega reception equipment. It included
mined theoretically and compared with values continuous modification of the stored values of
obtained in extended measurements on transmis, the VLF carrier phase differences at rates deter.
Sions of the several stations made at NRL's mined by air speed and heading. relative to the
local site and its sites in Florida, Bermuda, and directions of the transmitting stations, so as to
Iceland (1966-1968).5 4 Additional comparison provide indication of correct instantaneous po-
measurements were made during flights of NRL's sition of the aircraft. During 1961 and 1962, the
aircraft (EC-121K), appropriately instrumented, performance of this Mark I equipment was as-
to Newtoundland, Iceland, and Azores, Bermuda, sessed during many flights, totalling over 100,000
and also to Hawaii (1965).6 Analysis of the data miles. Data were obtained during the previously
obtained showed that the calculated differences mentioned flights to the Arctic, t) Europe and
in velocity of propagation of the two frequencies South America, from New Orleans via Panama to
were accurate enough to provide satisfactory lane Ecuador, and from the Bahamas to Washington,
identification. The correction factors were fur- D.C., areas for which Omega charts were available
nished to navigators in the form of simple tables. (l961). Continuous airborne tracking was ob-

tained which included maintenance of lane count,
except during a hail storm, when the signal-to-
noise ratio dropped severely.6" The potential

AIRBORNE OMEGA
in 19)59, NRL proposed that Omega be utilized "t

1v thc Bureaus oI Ships, Aeroniutt,. And Wr.,pon.. until tht-
reorigAnnzAt on of the Navy t)-pArtmt-nt of I hla' I%(,6. then b) thc

by aircraft for navigation and initiated a program Njva EIltro;nc Systcls ommmand
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RECEIVER-TIMER
UNIT

SERVO -POWER~SUPPLY UNITS

CONTROL
BOX

VELOCITY
COUPLER 48416

THE FIRST AIRCRAFT OMEGA RECEIVER - THE MARK I

This receiver, developed by NRL in 1961, was the first to demonstrate that the use of the Omega navigational system by aircraft
was practical. It was also the tirst it) provide automatically, a continuous graphic flight history of an entire flight in a long-range
radio nivigation system. The instrument gave excellent navigational performance in continuous use during NRL's long flights in
the arctri, t .mperate. and tropical zones.

accuracy of the Mark I aircraft system was deter- necessary. Nevertheless, the Mark I equipment
mined by repetitive flights over a local triangular demonstrated that the use of the Omega naviga-
coursc of 225 miles total length (1962). The fix tional system by aircraft was practical. The first
deviations fell within a range of 0.4 mile to operational use of the Omega navigational system
t 1 mile. Demonstrations of the capability of the was in NRL's participation in the search for the
airborne system were given over the triangular remains of the submarine USS THRESHER
course to representatives of the Navy Depart- (SSN-593), lost in the North Atlantic on 10 Apr.
ment, U.S. Coast Guard, Federal Aviation Admin- 1963. NRL's Mark I Omega equipment aboard
istration, and the Air Force. To obtain additional the oceanographic ship USNS GILLIS (AGOR-4)
performance data with the Mark I equipment over during the period April through September 1963
wide areas, particularly with respect to improve- proved effective in tracking, particularly at night
ments made in noise rejection and sensitivity, when other radio-navigation systems failed.
six flights were made in 1962 to South Dakota In 1963 NRL completed its development of
(May), New Foundland and Labrador (June), the Mark II aircraft Omega equipment, which
Bermuda (August), Alaska (September), and provided for the first time automatic velocity-
Azores-England-Italy-Iceland-Labrador (October heading compensation for the lag in received
and November).60 While in these flights the position data, and thus correct instantaneous
equipment proved generally effective and reli- position indication.6 Dead-reckoning, auto-
able, it was found that it lacked ability to contend matically activated during periods of high
with intense precipitation static and that automa- noise level or loss of signal to prevent discon-
tion of the velocity-heading corrections was tinuities in position indication, was also a
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THE MARK 11 NRL OMEGA AIRCRAFT RECEIVER

This receiver, developed by NRL in 1961. is shown here mounted in a supporting
rack in NRL's C-5-1 aircraft. it providedi for the tirst time Automatic velocity.
heading compensation for lag in received position data It :ncorpo)ratcd .i computer
which provided information on wind drift The unit 1MMediAtCls above the re-
ceiver provided phase-position recordings. The top unit was t precision trecluvrnq'
standard for reference in obtaining phase differences hetween tranismitting stations
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unique feature. Many demonstrations of the steering information. Its output is suitable for
performance of the Mark I1 equipment were coupling to the autopilot. The Mark Ill uses a 1 1-
given to military and civilian personnel of the 1/3-kHz carrier frequency introduced into the
Navy, Air Force, Army, Coast Guard, and Fed- transmitting sequence in addition to the 10.2-
eral Aviation Administration, and also to kHz primary frequency. The difference frequen-
representatives of foreigh countries. To re- cy, 1133-1/3 Hz, provides lanes 144 nautical
duce the interference caused by precipitation miles wide, with circular coordinates. The Mark
static, the magnetic instead of the electric com- IlI may easily be converted to use the 13.6-kHz
ponent of the propagated wave was utilized carrier frequency. The features of the Mark III
through the employment of an electrostatically were completely assessed in extensive flights,
shielded, ferrite, cross-loop antenna which was both local and long range, as had been done with
provided with circuits to avoid phase distortion, previous models (1968-1970). Its satisfactory
Hard-limiting input circuits were used to reduce operation was thoroughly demonstrated to repre-
detector blocking caused by high-level impulses sentatives of interested United States and foreign
of atmospheric noise. Circular coordinates were agencies. In NRL flights to England and Spain,
employed for the first time in a long-range radio particularly vivid demonstrations of its capability
navigation system, to secure their advantages of to contend with intense precipitation static were
double lane width, .better lane geometry, and witnessed. Between Newfoundland and England,
simplicity in design and operation, as compared and on the flight from Spain to the Azores, Loran
to hyperbolic coordinates. The use of circular A, Loran C, and communication signals were
coo,'dinates required reference oscillators of very obliterated by the effects of severe rain and icing
high precision, which were made available conditions for approximately three consecutive
through NRL's work in this field. The effective- hours on the former and 20 minutes on the latter.
ness of these features was ascertained in over The Mark Ill equipment, however, tracked consis-
250,000 miles of flying with the Mark II equip- tently through both periods. Based on NRL's
ment in various types of aircraft (types C-54, Mark Ill, Omega airborne navigational equipment
EC- 121, KC- 135 fixed wing, and a helicopter) and (Model AN/APN-99) for operational use was pro-
at altitudes up to 35,000 feet. During the period cured. Other military and commercial activities ex-
1964 through 1968, flights were made to areas in pressed much interest in it.
the Arctic, South America, Europe, and the Pacific
as far west as Wake and the Fiji Islands. During
these flights the automatic velocity-heading com- DIFFERENTIAL OMEGA
pensation operated successfully within the power-

range limits of the experimental transmitting Considerable improvement in position accur-
stations. The features provided for the reduction acy can be obtained from the Omega system over
of precipitation static and atmospheric noise were limited remote areas if propagation-variation data
found adequate. The use of circular coordinates obtained by a monitor in the area is transmitted to
proved so successful that they were adopted later vsers in the area for correcting observed posi-
for inclusion in standard operational equipment. trons. Using this method in a ship-aircraft rendez-

In 1968 the first functional prototype air- vous operation by NRL's USNS MIZAR and
borne Omega receiving equipment embody- C-54 aircraft, rendezvous was accomplished with.
ing a digital electronic computer, the Mark in 500 yards (1965).U Fixed monitors were es-
I1, was developed by NRL." The computer tablished at NRL's local and Chesapeake Bay sites
processes the incoming information, makes the and at the Coast Guard Engineering Center at
velocity-heading and dead-reckoning computa- Wildwood, New Jersey. Data were obtained by a
tions, and provides position in latitude and longi- mobile monitor placed at Fort Eustis, Virginia
tude, distance and bearing to destination, and and Cape Hatteras, North Carolina and at the
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NRLS MRK IllMODEL IRCRAF OMEG NAVIGATION REEIINMEPIME T E

The Mark III Omega, developed by NRL (1968) and shown here mounted in NRIs C-54 aircraft, was first
automatically to provide position in latitude and longitude, distance and bearing to destination, steering
information, and autopilot operatinga capability. It included a digital computer provided by a contractor.
Many demonstrations of the equipment were given to representatives of military and civilian United States
and foreign agencies. The equipment served as a prototype for procurement in quantity of the Model AN/
ARN-99 receiver for airborne operational use. A simplififed, low-coat model was procured in quantity for shipboard use,
the Model AN/SRN.
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RENDEZVOUS ACCURACY OF OMEGA

The accurascy oft the Omega system is considerably highser when it is used to effect
A rendezvous at a certain position, since each receiver is subject to the same prop-
.igation-datA variations. NRL's C-5-1 Aircraft was able to renldezvous at an agreed-
upon position with the 1USNS N4IZAR without visual aid and with an average
error of 2l10 yards i n five trials during day, night, and transition periods (January
1965~). NRL'% Aircraft is shown here above the MIZAR at the end of one oif the

trials.
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Naval Air Station, Oceana, Virginia. Analysis of one mile in daytime and two miles at night. The
the data showed that a position accuracy 4f 350 other military services found important uses for
yards could be obtained with this differential the system, which also found widespread use by out
method (1966-1970)." allies and by commercial and civilian shipping and

aviation.

OMEGA SYSTEM
IMPLEMENTATION

The Omega system was declared operational NIG ATREIION SYST IM

in 1968, but was limited to the four existing trans- NVGTO YTM
mitting stations. One hundred forty reception The Navy's operational experience during
equipments have been procured and installed on World War 11 brought to light navigational defi-
Naval ships. Full implementation of the system ciencies in harbor-entrance, minelaying, mine-
was approved by the Secretary of Defense. A sweeping, amphibious-landing, ground-positioni
total of eight strategically located transmitting loca~ion, and underwater-search functions re-
stations radiating a power of 10 kW can provide quiring a degree of precision accuracy higher than
worldwide coverage, with position accuracy of could be provided by systems in operation. The

op NORWAY

TSUSHIMA
ISLAND

A,.'AI LIBERIA

AUSTRALIA 
AGNIAL ENO

I,. 60634 (H-452)

PROP1OSIFD LOCATIONS FOR EIGHT OMEGA STATIONS To PROVIDE
W'ORLDWIMI C:OVERAG;E (1974).
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requirements included continuous operation with fold improvement in accuracy was obtained with
reliability and position accuracy as high as ten the use of the cycle-matching technique, dis.
yards at ten miles. NRL investigated several navi- persion effects in wave propagation, particularly
gational systems to determine the promise they at night, produced uncertainty in cycle identifi-
gave to meet the requirements. One of these was cation, rendering the value of the system ques-
the Decca navigation system, developed by the tionable. Its complexity is another objection to its
British during World War !1 and installed in operational use.
England and along the western coast of Europe. NRL also investigated the performance of the
Decca is a hyperbolic, continuous-wave, phase- Lorac, lana, Prefix, Letts, and LCCS systems, all
comparison system utilizing synchronized trans- of the continuous-wave, hyperbolic, phase-
mitters arranged in groups comprising a master comparison type (1952-l956).6 Lorac, used in
and two or three slave transmitters separated by seismic surveys, was installed at Bermuda for
40 to 80 nautical miles. Lane ambiguity is re- NRL's observations (2 MHz). Rana, a French sys-
solved by the comparison of several transmitted tem, which used four frequencies in the 1 0-
frequencies having integral relationships. NRL kHz region, was made available for NRL's ob-
determined the performance of the Decca sys- servations in France. Prefix, observed by NRL in
tern with a special installation in the Norfolk, the Hampton, Virginia area, used three frequen-
Virginia area comprising a master and two slave cies (200 to 550 kHz) for lane identification
transmitters, with 40-neutical-mile separation." and position within the lane. Lelts, a light-
With receiving equipments installed on the USS weight system obtained by the Marine Corps for
JAMES M. GILLIS (AMCU-13), a minesweeper the ground positioning of troops, was observed in
(MSB-12), and a helicopter, position observations the Quantico, Virginia area (400 to 535 kHz).
were made in the Chesapeake Bay area out to a LCCS, a landing craft control system identical in
range of 100 miles (August-October 1954). Anal- theory of operation to Lelts, operated in the same
ysij. of the data obtained indicated that under low- frequency band. All of these systems were found
noise-level conditions an accuracy of 50 feet at to be lacking in position-fix accuracy, diurnal
distances out to 40 nautical miles was possible. stability, reliability, and/or operational practical-
However, at night serious position errors were ity. The radar-marker beacon system provided an out-
encountered due to interference with the ground standing means of obtaining position fixes of high
wave by the sky wave; this effect is unavoidable precision.
in a continuous-wave system.

NRL explored the possibility of obtaining
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Chapter 8

ELECTRONIC COUNTERMEASURES

INTRODUCTION
competition between the devising and use of

An aspect of warfare which has continued countermeasures and the improvement and use
through the years is that the development of of our own electronic systems to deal with these
a weapon is soon followed by a countermeasure countermeasures is itself in the nature of war-
for it, and after that the development of a counter- fare, "electronic warfare."
measure takes place by way of an improved The Navy was early to realize the importance
or a new weapon. This aspect of warfare has of electronic countermeasures, and it took action
held true in the field of radio-electronics. Elec- to bring about its first strategic use during the
tronic countermeasures is a dynamic matter 1903 summer maneuvers of its North Atlantic
which, to be effective, must receive continual Fleet.' The Fleet was divided into two forces, an
attention as electronic developments evolve, attacking force and a defending force. The objec-
The situation the Germans faced with their tive of the attacking force was to capture and hold
radars during World War II must be avoided, a portion of the Maine coast, which was to be de-
The Germans fixed the designs of a few types fended. By 1903 a considerable number of radio-
of radars and abandoned further development communication installations of the Navy's first
in order to produce their radars quic+ly in large such equipment had been completed on Navy
quantities. As a result, they soon became fatally ships. Some of these ships were assigned to both
vulnerable to allied electronic countermeasures. the attacking and defending forces. The attacking

As treated in this document, "electronic force was instructed to jam the radio transmis-
tiuntermeasures" is considered to include sions of the defending force upon receiving a

IM of intercepting enemy electronic emis- certain code word. The jamming was not effective.
?mining the location of the source However, the defending force found the new

I4',-w emissions, determining radio-communication facility very useful during
1t4 ,. qab'hilit of an enemy's the maneuvers in winning the contest.
elettr,i,, ,, t'lopment The Navy also soon appreciated the value
and use ol i ,mi,,.,, ,,M n4 ) of the radio direction finder in locating an
counter the enm, . t, . t-numv's forces by determining the directions
electronic systems. This tu. it ,I, transmissions The Navy first installed
not include the improvement tit thii- ,r,,ion tinder on the collier USS

of electronic systems to deal with some outt t it ) io determine its perfor-
measure devised by an enemy for use against A., . 41 .-ahht, of the direction
our systems. Such counter-countermeasure tinder ^a. , 'w omterning
activity is considered to fall more properly the results t di, .. I-, t.
within the scope of those subjects concerned tary of the Nays, ibi i t,
with the further general improvement of our Equipment stated. "The rt-sul% t,,
own several electronic systems. This continuing indicate that a development oft ,,
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ELECT'RONIC COUNTERMEASURES

have a far-reaching effect on the safety of yes- "avoiding enemy detection and detecting enemy
sels at sea, and will possibly play an important transmissions" and "creation of interference
part in Naval warfare by making it feasible to for the enemy."' The Navy had experienced
locate the direction of an enemy's fleet." persistent interference from Japanese high-

power stations in the Pacific (see also Chapter 3).
To avoid this interference, NRL devised special

ELECTRONIC COUNTERMEASURES receiver circuitry.
DURING WORLD WAR I To provide means of jamming enemy trans-

missions, NRL modified existing communication
During World War I, United States destroy- transmitters to sweep through a given frequency

ers, equipped with radio direction finders band occupied by the enemy and thus create
(Model 995), were utilized in locating enemy a jamming signal. It was considered that con-
submarines, in effecting concentrations for ventional communication equipment as mod-
hunter-killer operations, and in assembling and ified could serve the need, in case hostilities
escorting convoys in thick weather. Direction should be initiated in the future.
finders at the U.S. Naval Base at Brest, France, NRLL had also been engaged in the develop-
were effectively used to divert allied convoys ment of remote control for guided missiles, as

to aoid he Grmansubmrinsubmcntaies previously described in Chapter 5. In this work
in the Bay of Biscay. The German sumrns NRL realized that since the control signals were
unwittingly cooperated by their unrestrained of short duration, they would be difficult to de-
use of radio communication.3 By early 1918, tect by existing means should an enemy use
the German Submarine Service was completely similar techniques for its guided missiles.
demoralized and ineffective. Therefore, NRL developed the first intercept,

During the war, Germany broadcast on 23.8 cotnusyfeecycaigoner
kHz from its only high-power VLF stto (POZ), coninusl faioreu e scning, cosuntfe-
located at Nauen, its version of the progress of meues diao recve wth vxisualc fe
the war and propaganda to influence the German qencmy gudislymoinie othel eistenceaof
population in the United States. These broad- their frequency (1929).4b To demonstrate
casts were copied by the Navy's receiving net- the system, a Model SE-2952 receiver was mod-
work, centered at Belmar, NewJersey, to uncover ified so that its tuning capacitor rotated con-
any concealed information. At times the trans- tiusl(20o65kz)Thsafcrie

missonsstopedfor20 inuts, nd t ws nted a slotted disk with a neon tube mounted behind.
that transmissions were continued at twice the The signals activated the neon tube, and the
frequency, or 47.6 kHz. quite feasible with their frqecIol era fo ila h hf
alternator type transmitter. These transmissions rotated.
were found to be in code, obviously directed to
their submarines at sea. The transmissions were
copied, and the information was sent to Washirg- WORLD WAR 11 ELECTRONIC
ton for decoding and use.4a COUNTERMEASURES

At the beginning of World War 1I, it became

NRL'S EARLY ELECTRONIC evident that both the Germans and the Japanese
COUNTERMEASURES had developed radar and that means would
DEVELOPMENTS have to be devised to counter this new imple-

ment of warfare. NRL made major contributions
In 1929, after its h igh-frequency -band corn- in this respect during the war in developing

munication developments were well under- means of interception, enemy signal-source
way, NRL devoted effort to problems concerning location, jamming, and deception.
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ELECTRONIC COUNTERMEASURES

In addition to the developments it carried known. A considerable quantity of these
out, NRL assembled the various radar counter- receivers were constructed and shipped to
measure systems available and brought their various Fleet units, to the U.S. Army, and to
capabilities to the attention of Navy high com- the British Royal Air Force.
mand, so that these systems could be integrated NRL developed the first special armed
into plans as the war developed. In August forces group assembly system, to permit
1943, NRL gave an extensive demonstration paratrooper groups dropped from aircraft
of countermeasure systems at its Chesapeake concerned with obtaining intelligence in-
Bay site to the Commander-in-Chief and Chief formation or on special operations to be
of Naval Operations ADM E. J. King and a quickly brought together about a leader
group of high-ranking Naval Officers, includ- through the use of a combined direction
ing VADM J.S. McCain, the Chief of the Bu- finder and communication equipment carried
reau of Aeronautics, ADM D.C. Ramsey, the on the chest or back of each individual (1943). 8

head of the Navy General Board, ADM A.J. This equipment, known as the Model DAV,
Hepburn, and VADM W. S. DeLany of Naval was first used during operations in North
Operations.Y These officers became deeply Africa and the landings at Salerno, Italy.
interested in the potentialities of electronic A total of 10,000 equipments were procured.
countermeasures and expressed satisfaction in The communication equipment covered a band
what had been accomplished. of 2.3 to 4.5 MHz and furnished the signal

NRL also participated in the formulation for homing on the group leader. The direction
of plans for the Normandy invasion. It sent a finder was of the loop type, with a "sense
group of its scientific staff to England, where antenna which served also as the communication
they became advisors to allied high command, antenna. The loop's null point, as determined
not alone for electronic countermeasures but from the orally produced signal, was used in
also for radar, communications, and other aspects finding the direction, the operator turning his
of radio-electronics. body to locate it. If the operator upon pressing

During World War II, NRL was designated the sense antenna button and turning his body
the center for the collection of all captured in one direction found the null point diverted
enemy electronic equipments sent to the in the same direction, he knew he was going
United States. These equipments were analyzed toward the leader. Otherwise, he had to reverse
in part by the Laboratory and in part by other his direction of travel 180 degrees.
organizations having appropriate analysis capa- To provide jammers for the operating forces
bility. Some of these equipments, particularly for use in the invasion of Italy, NRL, under a
enemy radars, were reconditioned so that the "crash" program, developed the Model XBK
capability of our countermeasures could be de- spot jammer (1943). In reporting on the results
termined through direct observation.6 The Ger- from the use of the Model XBK jammers, the
man small Wurzburg and their giant Wurzburg Commander, Task Force in the Atlantic, in a rues-
were reconditioned and thoroughly investigated. age dated 17 Oct. 1943, stated, "...XBK spot jam-
The first Japanese radar available, captured at mers...were considered very successful against
Guadalcanal. was also placed in operating condi- enemy airborne radar whose range has been de-
tion to determine its characteristics and vulnera. termined to be from 560 to 620 megacycles. It is
bility. believed that enemy aircraft radar was effectively

For interception of hostile radar signals, jammed, because shortly after jammers were cut
NRL developed the Model XARD early- in, enemy radar was secured and immediately
warning airborne receiver (1942).' This re- after )ammers were secured, enemy radar was
ceiver provided for the reception of enemy turned on again...no fire was sustained by major
radar signals in the frequency bands then vessels during the assault phases."' 3

i 1,
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ELECTRONIC COUNTERMEASURES

GERMAN WORLD WAR 11 RADARS

Shown above is the "small Wurzburg" radar (range on aircraft
30 miles), a portable equipment with a 10-foot-diameter
parabolic antenna, and below it is the "giant Wurzburg"
(range 45 miles), with a 25-foot-diameter parabolic antenna
for fixed installations. These radars were used for both search

and fire control. They had rotating dipoles at the focal point
and provided both azimuth and elevation data. The small

radar was available in considerable numbers. The giant
radar was available in smaller numbers. They operated in
the frequency range of 450 to 600 MHz and were provided
with antenna duplexers. The quality of the workmanship was
excellent.

47.
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ELECTRONIC COUNTERMEASURES

From knowledge acquired of the enemy's
60834 (H-457) radar, it was determined that higher powered

jammers would be required to protect our
ships. Also it was considered that the enemy
might change the frequency of his radars, re-
quiring broader frequency coverage in our
jammers. To meet these contingencies, NRL
in cooperation with a contractor developed the
Model TDY jamming equipment, which covered
a range of 116 to 770 kHz, with a power output
of 150 watts.' 0 A number of these equipments
were built for use by the Fleet.

NRL developed the first radio-guided-
missile countermeasures equipment. This
equipment was effectively used against the
German radio-controlled air-launched mis-
siles (1943)." The Germans started to use these
air-launched missiles, the HS-293 and FX, in
late August 1943, and were able to sink a number

of British and American vessels in the Med-
iterranean Sea and Bay of Biscay. For a year
NRL had been preparing for such eventuality
and was in a position to institute a crash program
to provide the necessary countermeasures equip-
ment. Two destroyers, the USS DAVIS and USS
JONES, were equipped with intercept and re-
cording equipment provided by NRL and were
sent to the active warfare area to obtain infor-
mation on frequency range and type of control
signals. 4d Analysis of the data obtained provided
the basis for the development of a complete,
integrated missile intercept-jamming system
by NRL. Four complete search and jamming
equipments were rushed to completion and
shipped by air to Africa for use on ships oper-
ating in the Mediterranean. Two more destroy-
ers, the DD-225 and DD-227, were outfitted
with similar equipment at the New York Navy
Yard under NRL guidance before proceeding

to active duty protecting convoys from mis-

PARATROOPER ASSEMBLY SYSTEM, siles in the same warfare area. During the spring

MODEL DAV of 1944, fourteen equipments of similar design
were built for use in the protection of the

NRL was first to develop a combined direction finder and Normandy invasion fleet. The operators of these
communication equipment (1943) for use by intelligence equipments were trained by NRL. Fifty equip-
and special miosion groups during operations in North ments ee trai ed by NR i
Africa and landings at Salerno, Italy. The equipment was ments, the design of which was modified by NRL.
used for assembling the members of a group about a leader. were also constructed in a rush. Including
A total of 10,000 equipments were procured. these equipments, 65 ships equipped for jamming
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THE U.S. MODEL TDY RADAR JAMMER

At the left is shown the beam antenna, andi at the right is
the transmitter. This equipment covered a range of 116
to 1 O k-Hz, adequate for the radars used by both the Germans
and the Japanese. This equipment was developed by NRL
with the aid of a contractor.

participated in the invasion of southern France. Models RDG and RDH search receivers were
No ships so equipped were ever hit, and the wideband, with panoramic capability for quickly
ships were so placed that they protected large locating enemy signals. The monitoring receivers
numbers of other ships.12  were for setting the jamming transmitters ac-

The principal equipments designed and curately to the enemy's radar frequencies. The
developed by NRL for thc program included modulation analyser provided information on
the jamming transmitters (Models XCA, CXGE, the type of control signals employed.
and TEA), search receivers (Models RDC, RDG, If special countermeasures to combat Japanese
and RDH), monitoring receivers (Models RBK, radar had not been expeditiously developed, the

(Model OB), and broadband antennas. The can lives than it did. It was realized that the

304



ELECTRONIC COUNTERMEASURES

THE FIRST GUIDED-MISSILE COUNTERMEASURES SYSTEM

This system, developed by NRL and installed on many ships, served during World War I to protect ships of the invasions and

tonv ,ys. No ship equipped with this system was ever hit by German guided missilts. At the left is shown one of the antennas,
proicting at .15

° I). installed on the destroyer DD425. At the right, as installed on the destroyer DD42 7, is shown the jamming
equipment, including the Models RBK receiver (1), the RBW panoramic adapter (2), the XCJ.- transmitter (i), the RCX pan-
oramic adapter (4), the RAO receiver (5), and the transmitting antenna switches (6).

Japanese had some knowledge of our radars, devices were also developed for the purpose of
since they captured some early American radars denying the Japanese of the usefulness of their
in their conquest of the Philippines. and also radar.
some British equipment was seized at Singapore. As the war progressed, more intercepted Japan-
However, the first conclusive evidence that the ese radar information became available. With the
Japanese had radar in operation came through the capture of Hollandia, New Guinea, the first
capture of three badly damaged sets on Guadal- sample Japanese airborne radar was obtained.
canal. These were shipped promptly to NRL NRL reconditioned this equipment, together with
Using the various components, NRL was able to similar equipment captured on Saipan. One
assemble one complete Japanese radar and to radar was installed in a captured Japanese air-
study its characteristics and vulnerability. The plane, and its performance was determined.
results were forwarded to field commanders, Another equipment was installed in a Navy tor-
which enabled them to judge the probable pedo plane and used in the Fleet maneuvers re-
effectiveness of the Japanese radar and to plan hearsing for the IwoJima landings.
their campaigns to exploit its weaknesses. Con- Experience with jammers provided opportunity
currently with this, NRL began to devise means for improving their effectiveness. During the Iwo
for combating the Japanese radar. Intercept Jima invasion, many Japanese radar-equipped
receivers were quickly produced by the Labora- planes tried to come in and sink our ships, but
tory which were successfully used by the U.S. would suddenly become confused and turn back
forces in the Aleutian Island operations. Jamming after ,or jammers were turned on.
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FIRST JAPANESE RADAR CAPTURED BY U.S. FORCES

This radar, of the search type, was captured at Guadalcanal. Shown above is the antenna; below it is the transceiver
anti display equipment. The radar had a frequency range of 87 to 105 MHz, with 3-kW pulses and i range on air-

traft of 60 miles. It was of poor design, large and heavy. It had no duplexer. The lower half of the antenna was
used for transmitting, the upper half for receiving.
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The first samples of Japanese fire-control became operationally available, submarines
radars were captured on Saipan and Peleliu. could transmit messages over very long dis-
NRL investigated these equipments, and the tances to home base not previously possible
results obtained enabled our bombers to take at the lower frequencies, due to lack of instal-
appropriate evasive action. This, togetherwith lation space for the high-power, lower fre-
the use of confusion devices called "window," quency transmitters. From a countermeasures
resulted in Japanese antiaircraft gunfire be- viewpoint, it became important to have direction
coming extremely erratic. finders effective at high frequency to locate

enemy submarines. NRL and others had at-
POSTWAR ELECTRONIC tempted to obtain satisfactory direction-finder
COUNTERMEASURES performance at high frequencies by using antenna
The Laboratory's experience during the structures similar to those devised for the lower

war made evident the importance of electronic frequencies, but encountered unacceptable
countermeasures in Naval operations and the bearing errors. NRL eventually observed that
need for continued research and development bearing errors could be greatly reduced by
in this field to fully exploit it, potentialities, using a structure employing two opposed
Accordingly, after the war, NRL established vertical dipole spaced antennas, with the receiver
a major program to provide new techniques placed directly at the midpoint between the
and systems of signal interception, signal- two sets of dipoles. The antenna and receivers
source location, signal recording, signal had to be adequately elevated and without
analysis, jamming, and deception. In carrying external metallic connections. The whole
out this program, NRL became the principal structure had to be remote from the immediate
organization in the United States conducting vicinity of metallic objects.
such research programs. The many important As a result, NRL was first to develop a
advances made and their adoption by the Navy high-frequency direction finder which gave
and other military services brought to NRL bearings of operationally acceptable accaracy
national and international recognition of (1936).1-1 Direction finders of this type were
leadership in electronic countermeasures. produced in considerable numbers, NRL
Much of the electronic-countermeasures furnishing an initial quantity of twenty. They
equipment used by the several military services is were installed along the Atlantic and Pacific
based on NRL's work, coasts and in Oahu, Hawaii. During World

War II the Atlantic chain of direction finders
extended from Iceland to the middle of South
America. Additional direction finders were

HIGH-FREQUEN FINTEIN EP installed in the Pacific. The radio direction
AND IRETIONFININGfinder, both shore station and ship, had a

The evolution of the lower frequency major part in defeating the German submarine
radio direction finder and the impact of its menace and also helped, although to lesser
countermeasures aspect on warfare were reviewed degree, in dealing with Japanese submarines.
under "Radio Navigation," Chapter 7 The Some of these direction finders remained
advent of radar brought about the development in service for many years. In NRL's original high-
of pulse-navigation systems such as Loran, which frequency direction finder, known as the Model
were found, in general, more acceptable than XAB and later as the Model DT (2500 to 30,000
the direction finder for navigational purposes. kHz), the operator stood on aplatform at the top of
The direction finder then became primarily a quadripod tower support structure to operate
a countermeasures device, the controls. The operator had to move around

After World War 1, when high frequencies as the opposed dipole structure was rotated,
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THE FIRST HIGH-FREQUENCY RADIO DIRECTION FINDER PROVIDING
BEARINGS OF OPERATIONALLY ACCEPTABLE ACCURACY (1936)

This direction finder, developed by NRL, was known as the Model DT A chain of these
direction finders was installed from Iceland to central South America and in the Pacific.
These equipments gave valuable service in the antisubmarine campaign during World War
II and remained in service until recent years. Shown on the right is Dr. M. H. Schrenk. who
as head of NRL's aircraft Radio activities was responsible for the development of the first
U.S. airborne radar, the Model ASB. Later he became an associate superintendent of the
Radio Division. On the left is shwn R. A. Gordon. who became head of NRL's Aircraft
Radio Division after the war and participated in many important developments.

to obtain the bearing. In the subsequent Model SHIP HIGH-FREQUENCY RADIO
DY, NRL arranged the operating controls to DIRECTION FINDERS
be brought down into the base of the support
structure with nonmetallic shafts for more NRL conducted an investigation with the
convenient operation. The base of the structure destroyer USS CORRY (DD 463) to determine
was enclosed to protect the operator in bad the possibilities of using radio direction finders
weather. To provide maximum accuracy in the in the high-frequency band aboard ship. Bearing
performance of radio direction finders, NRL deviations on ionospheric transmissions were
conducted investigations on site factors affecting found to be so great and variable as to render
accuracy and prescribed standards for shore bearings of little value. However, NRL de-
installations. termined that with proper installation of
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the direction-finder antenna, operationally
useful bearings could be obtained aboard ship 60834 (H-463)

on high-frequency ground-wave transmissions
(1942).'1 This made possible location of the
source of enemy transmissions out to a distance
of 200 miles, performance of great importance
in attacking enemy submarines. For best -

results, the antenna had to be mounted on the
top of a mast as high as possible, clear of all -

obstructions, and aligned with the ship's keel
line. The shielded loop, instead of the opposed- .
dipole type of antenna, had to be used. Other
electronic equipment such as radars could be
mounted on the same mast, but had to be well
below the direction-finder antenna. Furthermore,
since the deviation varied with frequency, the
calibration had to be carried throughout the
high-frequency band.

The results of NRL's work led to the
development of the Model DAQ high-fre-
quency direction finder, the first of its type
for ships, by a contractor; NRL participated
in this effort (1943).15 The antenna of this
direction finder was of the nonresonant, fixed,
shielded-loop type, and of considerable size
to enhance its signal-collecting power. A remote
goniometer rotating synchronously with the
magnetic-deflection structure about the neck
of a cathode-ray tube produced instantaneous

* bearing displays of the received signals. This
type display was advantageous for short trans-
missions and for operators having minimum
training. Large numbers of the Model DAQ
high-f'equency direction finder were produced
and installed on Navy ships, where they were
employed with great effectiveness against enemy
submarines and in other functions.

A series of high-frequency direction finders
having novel features for use in both ship and
shore installations was developed. NRL took
part in this effort. The Model DAQ was the first SHIPBOARD INSTALLATION OF EXPERIMENTAL
of the series for shipboard use. The Model DAJ HIGH-FREQUENCY DIRECTION FINDER
(1942) was for shore stations (1500 to 30,000 A fixed cross-loop highfrequency direction finder antenna is

kHz). The Model DAR (1942) was originally shown here mounted on the top of the after mast of the

a British development, modified by NRL (1000 destroyer USS CORRY, which was used by NRL in its

to 20,000 kHz). NRL provided it with a display investigation of high-frequency direction-findes accuracy

having two parallel vertical lines to be matched possible aboard ship.
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6004 (H-464) -

5'6"

THE FIRST U.S. HIGH-FREQUENCY SHIP DIRECTION FINDER EMPLOYING FIXED
CROSS-LOOP ANTENNAS, WITH BEARING DISPLAYED ON A CATHODE-RAY TUBE THROUGH
THE USE OF A ROTATING GONIOMETER AND A SYNCHRONOUSLY ROTATING MAGNETIC

DEFLECTION YOKE ABOUT THE TUBE (1943)

This direction finder, the Model DAQ, was developed collaborative ly by N RL and a contractor. It was procured in large numbers
asnd extensively installed on Navy ships, where it was employed with great effectiveness against enemy submarines. The antenna
is shown on the left, and the display equipment is on the right.

in height on a cathode-ray tube. NRL had pre- a continuously rotating resonant shielded loop,
viously developed this display for the lower-fre- much smaller than the previous fixed untuned
quency Model DAH direction finder. The Model loops (1.5 to 30 MHz). Remote control was
DAU (1943), for ship use, was similar to the provided for it, so that the loop could be tuned
Model DAQ, but modified to have a panoramic in its location to obtain the gain provided by
adapter of ±7.5 kHz range (1.5 to 22 MHz). reasonance. The Model AN/GRD-6 (1951) was
The Model DAW (1944) was similar to the for shore use, for which NRL provided an im-
Model DAQ, but truck mounted for mobile proved eight-element antenna system to reduce
use. The Model DBA (1944), for ship use, had octangular error (2 to 32 MHz). The systebi used
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' I

/ 37851

THE AN/GRD-6 IMPROVED HIGH-FREQUENCY DIRECTION FINDER ANTENNA SYSTEM(1958)

NRL developed self-sustaining broadband sleve antennas to greatly reduce the (Mtangular error of this direction finder

sleeve broadband self-sustaining antennas which transmitting station 1200 nautical miles distant
the Laboratory had developed." and to determine variations in bearing. Obser-

* vations were made in the high-frequency band on

WIDE-APERTURE, CIRCULARLY "burst type" low-power transmissions to deter-

DISPOSED DIRECTION FINDER mine bearing variations under typical ionospheric
conditions. Although operational siting and in-

During the earl,, 1950's NRL conducted experi- strumentation lacked the desired precision, bear-
ments to determine the improvement in high- ing accuracy of 0.25 degree was obtained, a value
frequency direction-finder bearing accuracy that many times better than that obtained with earlier
could be obtained if a wide aperture were used.1  direction finders.
A series of loops extending in a line 1100 feet Based upon the experimental results obtained,
long was installed at the Laboratory's Fox Ferry, NRL developed the first U.S. wide-aperture,
Maryland, site, a short distance south of the Lab- circularly disposed radio direction finder to
oratory. The loops, connected with a phasing provide high bearing accuracy (1957).'" With
arrangement, permitted only limited azimuth this direction finder, NRL was first to deter-
steering, but sufficient to permit fxusing on a mine the orbit of a manmade satellite, the
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EXPERIMENTAL HIGH-FREQUENCY WIDE-APERTURE RADIO
DIRECTION FINDER ANTENNA

With this antenna, NRL was first to demonstrate the capability of a wide aperture to greatly improve high-fre-
quency direction-finder accuracy over earlier types of direction finders (1952). The direction finder used a series
of loops extending in a line 1100 feet long.

first Russian satellite, Sputnik 1 (4 Oct. 1957), ultaneously on several frequencies (1958).t
using both bearing and doppler information Each operator, provided with separate cathode-
(20 MHz). NRL's direction finder has since ray-tube consoles, could observe a signal on
been widely used. The antenna system compris- any bearing at any frequency in the high-fre-
ed a circle of NRJ.-developed broadband sleeve quency band.
antennas arranged in front of a vertical circu- NRL was first to devise a digital counter
lar reflector screen. The vertical antennas were technique to avoid the inaccuracies incurred
connected through transmission lines to a rotat- in taking the bearing of a signal with a
ing goniometer located at the center of the an- mechanical alidade from the conventional
tenna system. The bearing output was displayed indication on a cathode-ray tube (1958)."
on a cathode-ray-tube indicator. Through the The shaft of the goniometer carried a magnetic
antenna scanning function, all signals received at gear with teeth which produced pulses, the
the particular frequency were automatically dis- digital count of which began at north. The
played on the indicator about the entire azimuth. pulse generator controlled by the operator

NRL also was first to provide multiplex- produced a "pip" superimposed on the cathode-
ing on a single direction-finder antenna ray-tube display, the count of which varied with
system, so that several operators could observe the signal azimuth, beginning at north. The
independently the bearings of signals sim- operator adjusted the pip to coincide with the
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WIDE-APERTURE CIRCULARLY DISPOSED HIGH-FREQUENCY RADIO DIRECTION FINDER

NRL was first in the United States to develop a high-frequency direction finder of this nature, to provide greatly improved direc-
tion-finder bearing accuracy. The direction finder shown was 400 feet in diameter and was installed at NRL's Hybla Valley,
Virginia site. With this direction finder, NRL was first to determine the orbit of a man-made satellite, the Russian Sputnik I

1957). This type of direction finder has been widely used.

cathode-ray indication, taking advantage of the long training of operating personnel. NRL was
more accurate alignment which could be ob- first in the U.S. to devise a radio direction-
tained through offsetting and enlarging the finder system utilizing an electronic computer
display. When the goniometer bearing count to determine automatically the position of
equaled the pip count, the bearing was auto- a radio signal source through computations
matically extracted accurately in digital form and from data automatically transmitted from
transmitted to the central computer for position several direction-finder sites to a central
determination. Later, this technique was extended computation site (1958).20

by sending all of the video information on the High reliability is an important factor in
cathode-ray tube to a computer, which deter- certain uses of electronic computers, particu-
mined the direction of arrival. larly those for military purposes, of which radio

To determine the position of a transmitting signal source location is one. In the computer
source in a radio direction-finder system, it field, high reliability had been achieved through
is necessary to obtain bearings on the same signal the use of back-up computers to provide the
at separate geographic points, so that cross- downtime necessary for servicing. This arrange-
bearings can be plotted or computed in deter- ment resulted in a great deal of idle computing
mining the position of the source. However, capacity. In providing a computer for signal-
the conventional manual process was slow and source location, NRL had to contend with data
required a high degree of skill obtained through to be processed from several direction-finder
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sites for several functions, including that for ware amounts to about half that required for
the identity and association of signals. Com- operation at maximum allowable degradation,
putations had to be applied to selected combin- contrasted with the redundancy ratios of one
ations of data, involving multiple programming. or two for replicated monolithic systems pre-
With these considerations in view, NRL was viously used. NRL's system is widely used in the
first to develop, with the aid of a contractor, computer field.
a polymorphic multiprocessor computer NRL's first wide-aperture, circularly disposed
syKem which provides, in radio signal source antenna had a single circle of dipoles. How-
location, high reliability togetht. with ever, additional concentric rings of NRL-de-
minimal redundancy (1965).P The very high veloped sleeve antennas are used if the highest
reliability of the system is provided at modest degree of bearing accuracy over the full high-
cost by dynamically restructurable assemblies frequency band is required. As many as three sets
of autonomous processor, memory, and input of such concentric rings of dipoles have been
modules. Furthermore, the redundant hardware used for ultimate accuracy over the full band,
can be used more easily in this system than by limited only by ionospheric propagation factors.
a replicated monolithic system in the perfor- NRL's wide-a..rture antenna system has also
mance of useful functions beyond those ab- been found useful for radio-communication
solutely required. With NRL's system, desig- reception in the high-frequency band The sharp
nated the AN/GYK-3 (V), the redundant hard- beam provided by the antenna at any azimuth and

75184 (16)

THE WIDE-APERTURE, CIRCULARLY DISPOSED HIGH-FREQUENCY ANTENNA AT THE NAVY'S
RADIO COMMUNICATION STATION AT SUGAR GROVE, WEST VIRGINIA

The sharp beams whith are available Itth thi% antenna greatlh redut v intertert.n(c from unwanted signas on the same frequency
but coming fro)m a different direttion The antenna has two sets of dipoles arranged in front of two reflector screens. It has an
effective diameter of M(X) feet iouter portioni. wrol, an overall diameter of 984 feet for the ground mat,
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A( Ally frequency in the band permitted great das- frequency direction finders for installation in
riminAtion against interference at azimuths aircraft. At these frequencies, airframe surface

twtthAn the one being used. contours caused severe antenna-pattern distor-
tion and prevented obtaining of operationally

is I el 0IN FINDER useful bearings. Later, as the cold war evolved,
(AiL Itb,~ ASATELILITE the Navy was in need of such direction finders

for radar intercept in its European "Ferret"
NRL vwm hra - . hir trans Airc raft program. NRL developed several

mitting signals in thr tits, i.dand direction finders, which provided, for the
to determine the pertoraAis -.. shrs tame, operationally acceptable bearing
direction finder and its site, irklud... -. in aircraft in the VHF band and
effects of nearby mountains (1966). The saieii, ,*ecd hj the Navy in the Ferret
was flown at low altitude, below the Flayer, so that a. - " 1 19ih 1 Antenna-pattern
an essentially free-space path would be available at lei . a- s avoided by
night. Thus, nocturnal observations could be made mountingl thrit if. the air

on performance f ree from errors caused by propaga- craft. Three of t helir J,: t
tion factors. Comparison of these observations with ing dipoles, with sign.t Jatie-

those made during daytime when the E layer was cathode-ray tube, the minimum stgtia ~
present indicated that the E layer was relatively used to indicate the bearing These eclupiib

stable. were designated the Models AN, APA-24x, Xh 4
which covered a range of 50 to 100 MHz (195,0

AIRBRNE HF-HF-SF IN ER-AN/APA-24x (XB-2), with a range of 50 to 140

AIRBORNE DIRECTIONHF INTER. MHz (195 1); and the AN/APA-24x (XB-3), with a

SYSTEMS range of 142 to 280 MHz (195 1).
At the end of the war. NRL conducted an

During World War 11, great difficulty was investigation of the probability of incercepting
experienced in developingz VHF and higher enemy radar signals with direction finders

-FERRET" AIRCRAFT VHF DIRECTION FINDERS (1950-1951) U4 (H18

These- NR I..deve loped d ire(t ion finders provtided, for the first t imre, operAt ionAll % tt ptAb I beciri n aiot urat N in Air rAtt in thc
VHF hand They were used effe~tivelt in the Navy's European -Ferret" Aircraft prograrn The Miodel AN APA '4X -%ti 280

MIHz) Antenna is shown .At the left, extending below the rAil ot the tvpe P-1Nf Aircraft The Model AN ARD)6,S0 M t)NHz,

antennai is shown extending below the middle (if the fuselage
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which rotated. 23 Since radar signals are inter- posed at 90-degree intervals for all-around
mittent, it is possible to miss a short trans- coverage. The amount of electromagnetic field
mission during part of the rotation period of energy received by each antenna was a function
such direction finders. NRL came to the con- of the azimuth angle of arrival of the energy.
clusion that 100-percent probability was neces- The bearings were displayed on a cathode-ray
sary, and to attain it, all-around-looking direction tube.
finders with instantaneous response to signals
coming from any azimuth angle would have
to be provided. In providing for the Navy's
Ferret program, NRL developed the first SUBMARINE VHF-UHF-SHF INTERCEPT
VHF airborne direction finder which could
display instantaneously and simultaneously
both bearing and frequency of intercepted During the war in the Pacific, the Japanese
radar signals over a broad frequency band used VHF and UHF radars to search out U.S
(1951).2,24 This direction finder, designated the submarines and attack them. To provide pro-
Model AN/ARD-6 (XB-1), covered a range of tection against this Japanese radar threat,
55 to 90 MHz. It had four fixed antenna arrays, NRL developed the first submarine VHF-UHF
pointing in the four directions, to cover 360 degrees. intercept and direction-finder system (1944).26
The antennas were connected through circuitry to The system was installed and demonstrated on
the four deflection plates of a cathode-ray tube. Ten the submarint- USS PIKE in July 1944, with
receivers were used to cover the frequency band for satisfactory results. This system, designated
the display of the frequency of the received signals the Model XCV and later the Model DBU,

A IA hode-ray tube. After the Navy used this covered a frequency range from 100 to 1000
,nnie in its Ferret operations, it turned MHz. The system utilized two sets of broadband

t-, .,r rothe Air Force for further antennas, arranged at an angle of 45 degrees

with the vertical so as to be effective for both
I. %RI developed vertically and horizontally polarized radiation,

the hrsi .,,r ..... tinder as well as to cover the frequency band adequately.
capable ot simult,ii, gV'AII ih antennas were mounted on the sides of
from submarine radars ,',, .... .u!.marinc as clear of obstructions as possible.
tion and at any frequenc) in the t,, .,, -'riding feature involved swinging
10,000 MHz (1954).a This equipmen . . thifg alternately between
the Model NL/ALD-A, was procured in quantjtv ,- , tor the equi-

* the Navy and installed on its ASW aircraft This ,&., 'hu bearirigs

equipment allowed aircraft searching for subma- Oft rN
rines to detect radar signals, regardless of attempts Th rtq..
to make these signals extremely short in duration, extended h$ an,,th(
and to be in a position to home on them, pressing so as to coer the rar li

the attack with minimum delay. In addition to MHz. 27 This modification WAs aC,.#,

fulfilling its primary function, ASW, this equip- Model XCY, and later the Miodel l)b,
ment was an excellent warning device against modification was installed and demonstrr.rt,
airborne or ground-controlled gun-laying radars, on the submarine USS DENTUDA and the L'S!,
because of its wide-open and instantaneous SKATE with satisfactory results.
features. The equipment employed two sets of After the war, the need continued for an
four horn-type antennas, which were mounted operationally suitable microwave submarine I
on a cylindrical ground plane having its axis direction finder to take bearings on radar-
vertical The horn antenna elements were dis- equipped ships and aircraft at distances well
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28165 ANTENNAT
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6063 (14-M6)

FIRST SUBMARINE VHF-UHF RADAR INTERCEPT AND DIRECTION-FINDING SYSTEM (1944)

This system was developed by NRL to proLt our submarines against att k bhy Jap.nesc. aircraft in the Pa.tLi during the Aar
The two sets of antennas for this system covering 100 to 1000 M1Hz are shown on (he left. installed on the sides of the submarine
USS PIKE (Model XCV) The antennas for the 2000 to ,,)O MHz range are shown at the right, inside the cirle. as installed on
the submarine USS SKATE IModel XCY)

beyond radar range. This required that the in a high, unobstructed position on the sub-
direction-finder system have enough sensitivity marine and be capable of withstanding the
and a high enough probability of intercept so hydrostatic pressure experienced at considerable
that the submarine could detect enemy radars depths. To meet the Navy's requirement,
at several times radar range. It was necessary NRL developed the first microwave direction
that the direction-finder antenna be mounted finder with automatic bearing indication
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60834 (H-470) ANTENNA

RECEIVER CATHODE RAY
INDICATOR

THE FIRST SUBMARINE MICROWAVE DIRECTION FINDER WITH AUTOMATIC BEARING
INDICATION, MODEL AN/BPA-I (1948)

This N RI ,dlcvcIsid di retiotn tinsder ws fi rst demoinstrated on the submari ne I.SS I RIFX It ws~ proctured iii quani ttv arnd
instailted I or serv itt in suibmaine% At lettare'shi wn the us inpontents ol the equi pmnit At right is sli, ssn i ht intnna structiure'
with the domein renmovedl The twoi larger horns on the left are it'd .is an arra' ito tovenr tist hand 2 wo to iso M S H) Iz The si ngle

hir sin ii the. right covered 1,00( [(H ) .(,O) N11112, Thea.nttnna systen ro tated at rate% tip' to t)00 RPIM
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suitable for submarines (1948).29 Its perfor- marines. Subsequently, the equipments were pro.
mance was demonstrated on the submarine cu~red from contractors and installed on many sub-
USS IREX (SS 482) in 1949. It was subse. marines. The system was designated the AN/
quently procured and installed in submarines BLR-6.
for service use. The direction finder had a
frequency range of 2300 to 10,600 MHz and "UNIVERSAL'- SHIP RADAR
was designated the Model AN/BPA-l. It was INTERCEPT SYSTEM
provided with a horn-type antenna system.
Two larger horns fed in phase as an array served During World War 11, intercept equipment
to cover the band from 2300 to 5000 MIHz. was developed for such specific frequency bands
A single smaller horn covered the band from that experience indicated were used by the
5000 to 10,600 MHz. The antennas were so enemy. This approach required the use of
arrayed as to be capable of receiving both hor- different equipments for the several frequency
izontally and vertically polarized waves. They bands, but expedited availability for use in
were rotated at rates up to a maximum of 700 combat. Furthermore, except for very-narrow-
rpm. The bearings were presented automatically band frequency scanning, the scanning rates
on a cathode-ray tube. were very slow, which made the probability

Until 1958, submarine microwave intercept of missing an enemy signal quite high. The
and direction-finder systems had been devised phenomenal growth of enemy electronic ap-
with antennas located on the conning tower, plications to military problems during the period
which made it necessary to expose that part after the war, including the cold war and the
of the submarine when making observations. Korean "police action," served to emphasize
To meet an urgent Fleet operational require- the need for advanced intercept capability.
ment for an improved system and at the To improve this type of operation, NRL devel-
same time to reduce the exposure of the oped the first universal integrated radar
submarine during interception, NRL devel- intercept system for both surface ships and
oped the first radar intercept and direction- submarines, covering VHF through SHF
finder system in which the antenna was (50 to 10,750 MHz) with rapid, high-prob-
mounted in a submarine periscope without ability frequency scanning (1956).29 Large
interfering with the operation of the optical quantities of this equipment were procured,
system (1958). Various configurations of NRL's with extensive installation in the Naval
basic system saw wide operational use. NRL's sys service. This equipment, known as the Model AN/

tem as irs intaled n th sumarne ss OG- WLR- 1, had a speed of operation such that the rate
FISH (1958). Since the mission of this ship also re- of signal acquisition, of analysis, and of data stor-
quired communication intercept, a vertical "sleeve- age was limited by operator decision time instead
stub" intercept antenna coverinh the band from of by equipment characteristics. The equipment
VLF to UHF was provided attached outside, behind had both high resolution and high sensitivity,

the periscope head. The internal antenna provided with capability of analyzing the various charac-
broad coverage in the gigahertz region. The inter- teristics of the received signal.
cept system was of the "wide-open" crystal-video
type, with the video amplifier furnished as part of SHIPBOARD SHF INTERCEPT
the equipment. Rotation of the periscope provided RECEIVER-DIRECTION FINDER
the directional function. The special periscope was
designated the type 8A (later 8B). The Laboratory In response to an urgent Navy requirement, and
furnished six equipments for installation on sub- as requested by the Bureau of Ships, NRL was
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80834 (H-472) 3888

FIRST RADAR INTERCEPT AND DIRECTION-FINDER SYSTEM MOUNTED IN A SUBMARINE

PERISCOPE, MODEL ANIBLR-6 (1958)

This system, developed by NRL and first demonstrated on the submarine USS DOGFISH (1958), was procured and installed
on many submarines. The spiral antenna for microwaves is shown at the lower right. It is mounted in a special window in the
upper part of the periscope with the fitting shown at the upper right. At the left is shown the periscope top with an external 0i

vertical sleeve intercept antenna to cover VLF through UHF.
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UNIVERSAL SHIP INTEGRATED RADAR INTERCEPT SYSTEM (1956)

NRL developed this system, designated the Model AN/WLR-I, to provide for the first time-integrated intercept coverage of VHF
through SHF (50 to 10,750 kHz) with rapid high probability scanning for both surface ships and submarines. Many of these equipments

were procured and utilized by the Navy. Shown is NRL's prototype of the equipment without the antennas.

first to develop a shipboard intercept receiver- cured, and was installed on many ships. This
direction finder which was first to operate equipment saw service in southeast Asia. The
successfully at microwave frequencies not equipment comprised a crystal-video waveguide-
previously covered and in the high.power en- type receiver with a stationary horn antenna
vironment of shipboard radars not within the illuminated by a rotating reflector which could
receiver frequency region (1963).3o NRL's be continuously spun or remotely trained. High
experimental model was successfully demon- sensitivity was obtained by detecting and pre-
strated aboard the destroyer USS HUGH amplifying the video signals in low-noise ampli-
PURVIS (DD709) in 1964. The equipment was fiers in the antenna housing. Interference from
designated the Model ANISLR-! 2 when pro- out-of-band radars was avoided through the use of
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603 144731

MICROWAVE SHIPBOARD INTERCEPT RECEIVER-DIRECTION
FINDER, THE AN/SLR-12 (1963)

This was the first microwave receiver to operate successfully in a part of the microwave
band not previously covered and in the high-power environment of shipboard radars Produc-
tion equipment based on NRL's model was installed on many ships anti saw service in South

* east Asia. The photograph shows NRL's model as installed on the destroyer USS HUGH
PURVIS (DD7O79) where it was successfully demonstrated

short sections of reduced-cross-section wave- duced by the transmitter pulses of the several

guide preceding the detectors, which acted as local radars when operating at the same time.
high-pass filters attenuating all frequencies below Since the transmitter pulses are short relative
the operating band of the receiver. The direc- to the interval between them, there is sufficient
tional bearing display was of the polar-cathode- time to permit "look-through" operation of
ray-tube type. the intercept receivers. However, the intercept-

reception equipment must be capable of with-

SHIPBOARD INTERCEPT standing the high power imposed on it and the

RECEIVER BLANKING resulting interference, due to its proximity to
the radars. In spite of careful selection of location

The reception of intercept signals aboard in siting intercept and radar antennas to minimize
ship must contend with the interference pro- mutual coupling, difficulties in simultaneous
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operation existed. Intercept mixer diodes mitter pulse circuitry to compensate for the
"burned out," and improved diodes, which could differences in the pulse rise times of the several
withstand the power level imposed, had to be radars. NRL's experimental model of this
developed. A major difficulty was the "blocking" system was installed on board the cruiser USS
of'the intercept receiver circuits by the high- CANBERRA with satisfactory results (1962).
power pulses. To avoid this difficulty, NRL NRL provided another similar blanking equip-
devised a means of "blanking" the intercept ment installed on the carrier USS ENTERPRISE
receiver circuits during radar transmitting (1963).
pulses, providing, for the first time, inter. The equipments aboard the USS CAN-
cept signal reception simultaneous with BERRA and the USS ENTERPRISE were es-
radar operation (1953).sl In NRL's original pecially designed for their particular intercept
system, the radar transmitting pulses were picked reception requirements. As a major improve-
up by an antenna and used to operate circuitry ment of the radar interference blanking
which "blanked-out" the video portion of the system, NRL developed a filter-blanker in
intercept receiver. This system was found to which the blanking operation was accom-
be limited with respect to the setting of the plished at intermediate-amplifier frequency
power level of the blanking, since weak but instead of at video frequency, the region
interfering pulses from a ship's own radars in which most of the interference occurs
could not be eliminated without also eliminating (1963). This system avoided the special
the intercept signals at that level. NRL met this adaptations required with video blanking
difficulty by utilizing the energy derived directly in the different ship installations and provided
from the radar pulse circuitry, via coaxial cable, improved interference reduction with in-
to the intercept receiver to actuate the blanking. stallational versatility. NRL's blanking system,
A delay line could be inserted into the trans- designated the Model ANISLA-lO when

INTERCEPT RECEIVER RADAR INTERFERENCE BLANKER

NRL developed the interference blanker which first made feasible intercept receiver "look-through" operation simultaneously
with the operation of radars aboard ships (195 3). Shown is the final experimental model of the blanker, which provides fully
satisfactory operation with installation versatility. The blanker comprises a five-stage low-pass filter with individual diode gates
at each stage biased at proper voltage level for adequate blanking. In quantity production, this blanker was designated the Model
AN/SLA-10.
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produced in quantity, was installed an useful, the available techniques were completely
Navy ships responsible for carrying out the inadequate for the analysis of pulse signals of
intercept function. short time duration.

To meet the need for adequate signal
INTERCEPT SIGNAL ANALYSIS analysis, N3IL developed the irst radar-

Analysis of the signals emitted by an enemy's signal pulse analyzer, which instantaneously
electronic equipment is an important means of and automatically synchronized with the pulse
determining its potential capability. Such analy- rate of the incoming radar signal and simultane.-
sis also provides the knowledge necessary for de- ously displayed the several signal parameters
vising and applying effective countermeasures (1948)2 The design of NRL's original pulse
against enemy electronic systems. The frequency analyzer was the basis on which many subee-
bands covered, spectral distribution of the quent units were built. For this analyzer, NRL
emitted energy, modulation type, pulse-repetition developed the first multi-electron-gun
rate, pulse length and shape, antenna character. cathode-ray tube, which became an important
istics, the number of antenna beams, their dispo- pioneering effort in another aspect (1948). The
sition, horizontal and vertical beam patterns, and techniques devised to make the tube's perform-
their scanning rates, are all of value in assessing ance satisfactory contributed to the feasibility of
performance capability and the potential for de- the three-electron-gun color picture tube used
vising and applying effective countermeasures. today in color television sets to generate the three
While these characteristics can be determined colors, red, blue, and green. The techniques are
during the process of interception, further study also used in black-and-white television sets.
made possible by recording the signals allows These unique techniques included shielding the
much more accurate and complete appraisal. several electron-gun structures from each other to

During World War 11, NRL devised means preentinterction, the useof nonmagnetic mate-
for analyzing the signals used by the Germans rials to prevent electron-beam distortion, a slit-
in controlling their guided missiles. The infor- formation of the gun anodes to prevent their

mation obtained led to the development of distortion during the high-temperature tube-
effective countermeasures for these missiles. exhaust process and malformation of the electron

NRL also developed "fingerprinting" techniques beams, and the use of a rectangular shape for the

for identifying enemy communication stations glass envelope of the tube to maximize the display

through their signal characteristics. With respect area. NRL's tube used five guns, and its analyzer
to radar, equipments for panoramic spectrum produced five lines of display, one for short and one

display and analysis of pulses were developed.82 for long pulse lengths, one for low and one for high

Due to the urgency in making these equipments pulse-repetition rates, and one for non-
quickly available, they had certain limitations linear signal display. Provision was made for pho-
which impeded their operation. The analysis tographically recording the display. When procured

were dependent upon the in quantity, the shipboard version of NRL's signalanayze wasla desgree thenen Model theA Ieceand
of signals for relatively long periods of time. analyzer wasdesignatedtheModelAN/SLA-1 and
The methods used required a number of adjust- the airborne version the Model AN/APA.74. These
ments by the operator before the various char- analyzers were followed by a series of models with

acteristics could be accurately measured. For somemodifications,suchastheAN/ULA-2(1963).
instance, it was necessary to adjust the sweep
frequency of the cathode-ray-tube indicator
to synchronize with the repetition frequency
of the received radar signal, or to compare the SIGNAL RECORDING
repetition frequency with an audio tone whose During the war, signal-recording devices
frequency was known. Although otherwise available used magnetic steel wire, steel tape,

4,-
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RADAR SIGNAL ANALYZER

NRL develoiped (he first radar signal analyzer which instan.
tancously anti automatically synchronized with the pulse
rate of the incoming radar signal and simultaneously displayed

the several signal parameters 11948) Preseni-day signal
analyzers are based on NRL's original analyzer An important
feature of the analyzer is its five-gun cathode-ray tube, the
first such tube to be developed uleft) The techniques devised
by NRL which made this tube possible were later the basis
for the three-electron-gun iolor picture rubex used in color

television sets today The techniques are also used in black-
and-white television set picture tubes The analyzer, d-sig-
nated the AN!SLA-1, shipboiard version (airbsrrie version
was the AN APA-'.4l, with icamera miiunting for pho(o raphit
recording, is shown on the right

-60834 IH-4741

or paper tape with a magnetic coating as re- with respect to very low frequencies ( 19 49 ).34

cording media. NRL's investigation of two This recorder was designated the Model IC/
captured German tape recorders disclosed VRT-7. Its features were found attractive for use in
their use of tape with magnetic coating on an many related items for a long period.
acetate film base, very similar to tape in wide In recording signals, a tremendous quantity

use today. This tape was found to have superior of tape can quickly be used if measures are not
qualities, including high signal-to-noise ratio, taken to limit recording to signals of particular
low residual noise, and smoother and more uni- interest. Such a volume of tape would involve
formly distributed magnetic particles. The severe problems of storage, selections for
results of this investigation led to NRL's analysis, and high cost. However, a certain period
development, with the aid of a contractor, of observation is required to determine whether
of the first U.S. recorder for signal recording a particular signal is of interest, and if it has
featuring acetate film base magnetic tape, not been recorded, the information is lost. In
multispeed, multitrack, tape synchronous cap- dealing with this problem, NRL was first to
stan drive, phase equalization, and extremely develop a short-term, continuous, signal-
wideband frequency response, particularly storage device to hold a signal for a period
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permanent recording upon recognition of
s44M their value (1951).35 Over the period of years

until 1968, NRL developed belt material of
much higher quality than existing materials,
which did not meet Navy requirements. The
new material also had long life, with greater
dynamic range, and avoided the long-standing
problem of output-amplitude variations.
The equipment provided a recording time of
up to three minutes, which was found adequate
to assess the value of the recorded information
for transfer to magnetic tape. NRL's experi-
mental model was followed by the Models AN
FSH.I, AN/FLR- - drum recorder, and AN
FSH-9. The AN!FSH-I was the first of a family
of long-lift-, unattended, magnetic drum re-
corders for signal recording and analysis. Four
analog channels of information were handled
simultaneously. The AN/FLR-- drum was an
extension of the AN/FSH-I principles to 150

tnformation channels. The AN/FSH-5 was an
extension of the AN/FSH-I principles to wide-
band predetection recording. The model AN
FLR-- drum recorder was turned out in produc-
tion quantities by NRL's machine shops. The
equipments found extensive use by the Navy
and other military services.

For various purposes, the Navy used a very large
number of expensive, high-quality magnetic tape
recorders provided by many manufacturers
A major maintenance expense had been the re-
placement of recording heads which have had
short life and involve stocking in a wide variety of
head types. In advancing this situation, NRL de-

FIRST U.S. SIGNAL RECORDER WITH ACETATE veloped a universal recording head whichFILM BASE TAPE (1949) matched the requirements of all recorders

sufficiently well so as not to compromise per-
This rc(order, develop-vd by NRI. ieatured muhtisteed, formance (1967). s" Th- head had seven channels.
multtrak. apc syn(hronous Lapsran drive, phase equaiza Two heads were used to provide 14 channels on
rion.md extremely widebAnd frequency response Designated one-inch tape. NRL's new recording head had
hc IdtI IC VRT.-, it was the torerunner of A series of much longer life and incorporated radio-
immi r retrders u sedI extiensiv ly frequency-interference shielding. T he cost of

replacement had been reduced to one-third, and
of time sufficient for evaluation, comprising head life was increased three times.
a rubber belt impregnated with magnetic In analyzing signals, it is advantageous to know
particles and mounted on a drum for con- quickly the spectral distribution of the energy.
tinuous recording. The signals could then Since existing methods of obtaining this infor-
readily be transferred to magnetic tape for mation were inadequate, NRL developed the
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cylinder carrying a magnetic reproducing head.
The signal on the tape is repeatedly scanned by
the rotating head and displayed on the cathode-
ray-tube screen. An air film builds up under the
magnetic tape and prevents tape wear by the ro-
tating head during observation. This device pro-

:.. vides great time saving for the data analyst.
JAMMERS

During World War I1, jammers for use against
enemy radars were developed to cover the limited
frequency bands then known to be used by these
radars. After the war, since a potential enemy

4 -. might choose to use any frequency suitable
. , for radar, NRL set about to develop a series of

jammers which would cover the most likely
' radar frequency spectrum. At that time, mag-

netron tubes were found to be the best Vype of
power generators available. They provided the

686 " ' .power output necessary for effective jamming
40i 8and could be noise modulated. A jammer operates

under an inverse second-power law and a radar
under a fourth-power law. Thus, based on jammer

NRI. dcve oped this Iong.lite rt'ordig htid as a repla u.mnnt power, there is a limit to the closeness a vehicle
tot the hc.idj of the various Nav% signal retorders , 10(,-) carryiag a jammer can approach a radar and
the head h.ss secn tra ks To hads are used to prowtdc still cover its own echo by lamming However.

tourtevei tr&td on omc inch tipc magnetrons were limited in the frequency
range over which they could provide adequate

first instantaneous audio-frequency spectro- power for echo coverage, making it necessary
graph, which provides an instantaneous plot of to use , onsiderable number of them to provide
the energy of a signal in the frequency and the deied frequency coverage In carrying
time domain (1955).s6 The signal to be analyzed out its magnetron jammer program, NRL
is amplified and fed to a group of comb-type developed the first U.S. airborne microwave
filters The output of the filter bank is graphically noise jammer (1948).s8 At first, X band was
recorded on A new type of chemically treated covered. Later, S and L band coverage was
electro-sensitive paper also developed by NRL added, with power output up to 200 watts.

In analyzing signals, particularly transient sig- Several hundred of these jammers were pro-
nals, recorded on magnetic tape, some means must cured under the designation AN/ALT-2.
be provided for their visual display. Since no Some of these jammers were used later in
satistactory means had been devised. NRL devel- combat action in southeast Asia.
oped the first analysis device for displaying on Prior to lt)49, after a radar signal had been
a cathode-ray-tube screen, or analyzer, tran- intercepted, the jammer had to be adjusted to
sient signals recorded on magnetic tape the radar frequency manually by an operator
(1965)."' In this device, designated the Model using a monitoring receiver. In improving upon
AN FSH-(. a length of magnetic tap' is held the manual type of operation, NRL was first
stationary wrapped around a rapidly rotating to develop an automatic search and jam
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FIRST DEVICE FOR THE DISPLAY OF TRANSIENT SIGNALS REORDED ON MAGNETIC TAPE

In this device, a length of magtnetic tape is held stationary while wrapped around a rapidly rotating cylinder carrying a
magnsetic reproducing head. The tape is repeatedly scanned by the head, and the information is displayed on a cathode-ray
tube for analysis. This NRI. development was designiated the Model ANIFSH-6.
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FIRST U.S. MICROWAVE AIRBORNE NOISE JAMMER SYSTEM GIVING A BARRAGE-TYPE
PROTE( TIVE COVERAGE (1948)

fhsNRI.-developed .qulpmnln was designated the AN/ALT- 2. Some otthese magnetron jammers were used incombat ativitics
in Southeast Asia. The iun mr transmitter is shown on the right The rest of the equipment provides look-through reception ol
t radar signal h i ng ammedl to pernmt the wi .mer to lie setoni the radar frequens y

FIRST AUTOMATIC SEARCHi AND) JAM SYSTEM (1949)

IDeveloiiwd its NRI.. this %%'siem Nv.is dcsignated the Nfodel A N Al Q .'; T sy-stem wa% proitired iii onsideraible quaitos It
was used iii Southeaist Asi.t it tioit
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system (1949), designated the Model AN/ the development of a backward-wave.
ALQ-23 (earlier the Model APQ-33 (XB)). oscillator tube, the frequency of which could
This system was procued in considerable be controlled electronically. With this tube,
quantity. It also found use in southeast Asia NRL developed the first search-and-jam sys-
combat action. In operation, the automatic tern, in which the jammer could be set onto the
control stopped the scanning receiver on an radar frequency very rapidly through elec-
intercepted radar signal, which caused the jammer tronic control (1956)." Furthermore, the sys-
first to scan and then stop on the frequency tern provided superior "noise" modulation,
selected for jamming. Periodic -look-through" with the modulation bandwidth controllable
sensed the cessation of the radar signal and to provide most effective coverage of the radar
caused the receiver to search again for a new echo. The experimental model was designated
signal. A unique feature of the system per- the NIALQ-F(XB-l). When procured in
mitted discrimination among several signals quantity, a series of airborne jammer systems
based on pulse characteristics. The system resulted, including the models AN/ALT-19
would lock on to the signal with the required (1960), AN/ALT-2I (1961), AN/ALT-27
pulse characteristics. A shipboard version of (1964), and the AN/ALQ-76 (1966). Of these
the Model AN/ALQ-23, known as the Model systems, the Model AN/ALT-27 inboard sys-
AN/SLQ-l1() (960), was also developed, tern and the Model ANJALQ-76 outboard

"pod" system used in type EA-6A jammer air-
When the Model AN/ALQ-23 automatic search craft saw extensive service recently in southeast

a1nd jam system was developed, the frequency of Asia. A shipborne system, the Model AN/
the magnetron output could be controlled only SLQ- 12 (1963), capable of fully automatic
through mechanical means, relatively a very slow operation, wats also developed. avoidling the
process. To contend with improved radar tech- manual set-on-frequency operattion of' the air-
niques. much more rapid mneans of setting on the borne versions, which, Although ratpid, had to be
radar frequency wats necessary. NRL sponsored accompl istied by persoinnel. T*he backward-wave

FIRSI SI-AR( II AND )JAM SYSTEM IN WIIi THE JAMMER COULD1 BE SET O)N TIIF RADAR
FRFIUN( V VERY RAPIDLY THIROUIGH ELECTRONIC CONTROL tI19W

IhIsI NEit dec ~I,."'I ModelI-s~ijrtNI,~ N I A Q I tX4,II I I,,,d A1. % r %a ii ssisi-i's otIkib T hc, %hI- t1* 1 0% Ig dtcd
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TYPE EA-6A JAMMER AIRCRAFT

This modern aircraft, which has seen extensive service recentiv in Southeast Asia, utilizes the AN/ALQ-76 outboard "pod"
ammer system, which is based on the experimental model developed by NRL (1956) The system was first to incorporate elec-

troinic frequency control with a backward-wave-oscillator tube, which permits rapid setting on the frequency of an enemy radar
to be jammed. Five jammer pods, adjusted to cover pertinent frequency bands, can be seen mounted beneath the wings and fuse-
lage iof the aircraft. The primary mission of the aircraft is to support strike aircraft and ground troops by suppressing enemy
electronic activity.

tube is a variety of traveling-wave tube in which NRL sponsored further development of the
the bunching of the electrons in the beam propa- traveling-wave tube to take advantage of its
gates along the tube's length, but in a direction amplifier characteristics with power generated as
reverse to that of the electron beam. This action a result ef bunched electrons traveling in the
established operation as an oscillator of consider- same direction as the beam. This type tube of-
able power and frequency range which was superi- fered for the first time the potential of amplifi-
or to that of the magnetron. The modulation was cation over very wide bandwidths, i.e., in excess of
of the frequency-modulated -noise type of suf- octaves. With this traveling-wave tube, NRL
ficient bandwidth to be effective without pre- was first to develop an automatic search-and-
cisely setting on the radar frequency Of S and X jam system in which the jamming was accom-
band radars. plished through the amplification of noise,
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with the capability to jam several radars on differ- and determined the requirements for successful
ent frequencies simultaneously (1954).40 The suc- radar deception equipment. NRL developed a
cesful operation of this system was first demon- pulse-repeater deception device ("Moonshine"),
strated with the equipment on NRL's picket boat designated the Model CXFG, for deceiving en-
against its radars at its Chesapeake Bay site. This emy radars with respect to true range of the tar-
system, known as the Model AN/ALQ-99, was get by transmitting back false pulses (1943).1"
used to a major extent in the type EA6B jamming Many flight tests were run on this equipment
aircraft in southeast Asia. Since the traveling-wave against a captured Japanese radar. In another ef-
tube is used as an amplifier with one or more low- fort, NRL developed a pulse-repeater deception
power-level master oscillators, the latter can serve device in which the target echo was obliterated
to provide great flexibility in operation without the by the noise modulation of the retransmitted
complication of physical manipulation in the ampli- pulse (1943).41 This equipment was designated
ier. Thus, modulation can quickly and easily be the Model MBE. Its performance was proven
changed from wideband "barrage" type to multiple through trials against a captured Japanese fire-
"spot" type, with power output concentrated control radar. It was installed on the light cruiser
accordingly. USS MIAMI.

The early deception pulse repeaters were effec-
tive only when operating against relatively low-
powered radars with long pulse lengths and using

ELECTRONIC DECEPTION - PULSE the lower radar frequencies. They were ineffec-
REPEATERS tive against the higher frequency, short-pulse

radars soon to be used for fire and missile control.
During World War 11, the Laboratory made a The minimum time delay possible in repeater cir-

study of various means to deceive enemy radars cuits then available was much too long to contend

MODEL EA-6B JAMMER AIRCRAFT WITH NRL's SIMULTANEOUS MULTI-RADAR AUTOMATIC
SEARCH AND JAM SYSTEM

NRL was first to develop an automatic search and jam system, incorporating traveling-wave tubes, in which the jamming is accomplished

through the amplification of noise. This system has the capability to jam several radars on different frequencies simultaneously (1954).

NRL's system, designated the Model AN/ALQ-99 when procured in quantity, was utilized in the Model EA-6B jammer aircraft, which had
been used to a major extent in Southeast Asia. To cover a very broad frequency range, five pods, each carrying a jammer, are used. These pods
can be seen mounted beneath the wings and fuselage of the aircraft,
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with the shorter pulse lengths of these improved NRL sponsored the development of a tray-
radars. Moreover, much higher repeater output cling-wave radio-frequency amplifier tube
power was required to provide adequate cover for having very broad bandwidth and high power
target echos. It was not until considerably later (2 kW) output (1954). To provide a means of
that adequate repeater techniques became avail- pulsing this output amplifier, NRL devel-
able to counter these radars. oped the first electron-multiplier tube capable

1962 1960 1959

A-60834 (H-480)

MICROWAVE
OUTPUT WINDOW NlOCROWAVE

AIR-COOLED *CAVITY INTERACTION
IELECTRON COLLECTOR SRCUECII U

8-01134 (H-4811

NOVEL DECEPTION PULSE REPEATER TUBES (1914)

The ettronniultiplier tube (stage% of development above) developed by NRI. was first ito provide pulse amiplification toi a
(6-OW power level with a time delay of less than 201 nanoseconds It provided pulse power for the traveling-wave tube (below)
of high power ( 2 kW) developed under NRL. sponsorship These tubes made possible the hirst deteption pulse repeaters to be
successful against modern fire and missile control radars These tubes were incorporated into the deception pulse repeater, the
Model AN/AI.Q-thX), shown subsequently
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of pulse amplification to a 6.kW power level ALQ-100 (1965), and AN/ALQ-l 26 (1972).
with a delay time less than 20 nanoseconds The Models AN/ALQ.51 and AN/ALQ-l00
(1954).12 With these components, NRL de- saw action in southeast Asia. NRL provided the
veloped the first deception pulse repeater to be technical base for many improvements for these
successful against modern fire and missile con- equipment as they evolved for service use.
trol radars (1956). NRL's system was capable The basic NRL deception pulse repeater system
of both range and angle deception and could utilized two traveling-wave tubes having broad
contend with a number of radar signals bandwidth. One of these was a lower power re-
simultaneously over a frequency band as wide ceiver tube which, upon receiving a radar pulse,
as two to one. This system, known as the provided amplification and excitation for the in-
Model AN/ALQ-H(X) in early form, was the put of the other, which was the power-output
basis for the procurement in quantity of a tube, The receiver tube also provided video
series of successful deception pulse repeaters pulses for the electron-multiplier, power-ampli-
designated the Models AN/ALQ-19 (1959), hier tube, which in turn provided the high pulse
ANIALQ-49 (1959), ANIALQ-5l (1960), AN/ power to operate the traveling-wave output tube

THE FIRST PULSE REPEATER DECEPTION EQUIPMENT TO BE SUCCESSFUL AGAINST
MODERN FIRE- AND MISSILF.(ONTROI. RADARS (1956)

Sho wn JI I111 10A I M n rd Irim the INSS I heto . uIter is An tCAr I vn-r%ion A A rr-u l l c-siu~ And iraiin ,ii ng .ini nn.. xasnits '
Arrnge-u foir mininium coupl ing, so, th~t thet- enriu..Ii,,n b-twe-en the ..nnc-nn.s is grt-.At-r thAn the-r car ruunit jxiwcr g.i n of rht
systrt-n N RI. % ide- t t he equui pm-ent w.s designArt-d the A N A IQ K I Proui,u n i mudd s uf tiu cn ilpmeni 1% A,1111i1 in
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NRL's system used both receiving and trans- longitudinal sequence of dipoles mounted on
mitring antennas arranged for minimum mutual paper tape. Still another form of reflector used
coupling, so that the attenuation between anten- large areas of chicken-wire netting suspended
nas was greater than the electronic power gain from captive balloons to simulate a real target.
of the system. Otherwise, the system itself would These devices were employed by the allies with
oscillate and be inoperative as a repeater. great effectiveness in protecting streams of bomb-

ers against enemy antiaircraft fire, and on "D"

RADAR PASSIVE DECEPTION day, in causing the Germans to believe that the

AND CONFUSION allied landing was directed at Pas de Calais in-
stead of Normandy.41

During World War 11, both the allies and Ger- During the war, NRL carried out a program to
many developed passive reflectors to return back determine the best form of chaff dipoles and the
echoes for the purpose of deceiving or confusing best method of dispensing them." Dipoles made
enemy radars. Lightweight dipoles dispensed of narrow strips of paper-backed aluminum foil
from aircraft in large numbers was one form of bent longitudinally into a flattened V cross sec-
these reflectors, known as "chaff' or "window." tion and cut to a length a little less than half a
Clouads of these dipoles, which fell slowly, were wavelength were considered to give the best re-
used by the allies to conceal aircraft in flight suits. Investigations were made of types of packag-
and to provide false targets for decoying purposes. ing, package size, dispenser design, rate of dis-
Another type of reflector, called "rope," was used, persion, rate of fall, and effects of polarization.
primarily for the lower frequencies. Rope con- The practicability of ejection by means of shells
sisted of ribbon-like streamers of narrow alumi- and rockets was also considered. The tendency of
num foil about 400 feet long, packaged for dis- the dipoles to coalesce into a mass, known as
pensing as rolls. Rope was also arranged as a "birdnesting," when released into the air was a

EARLY TYPES OF "CHAFF"

Shown are packages of chaff in cardboard wrappers of various lengths corresponding to the frequencies of the radars to be coun-
tered In its early applications, chAff was elected manually from the aircraft The coils attached to the parachutes are rope,
which uncoiled in the air and were held susptended by the chutes.
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THE FIRST SUCCESSFUL CHAFF DISPENSER CAPABLE OF PROTECTING AIRCRAFT FROM
RADAR-DIRECTED ATTACK

This dispenser, developed by NRL in 1954, incorporated a dispensing technique devised by NRL (1951), utilizing cylindrical cartridges
containing squibs which-when fired ejected the chaff. The dispenser (Model AM/ ALE-29), holding 30 cartridges, is shown above. It was used
extensively in Southeast Asia. The rate of cartridge ejection is controllable, so that proper chaff cloud formation can be obtained. Shown
below is a cartridge containing (left to right) S, C, and X-band chaff, respectively, 2, I, and 0.6 in. in length. The five packets of
metallic-coated dipoles contain a total of 3,750,000 dipoles per cartridge. V.). Kutsch, who developed the dispenser, is shown holding a
cartridge.
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particularly difficult problem. During this work, form a cloud or bloom quickly. This is necessary
many trials were conducted with aircraft dis- for the adequate protection of aircraft. Chaff dis-
pensing chaff using the radars at NRLs Chesa- pensers and methods of packaging had to be great-
peake Bay site for observation. ly improved. A series of chaff dispensers was

After the war this program continued, and developed, but each one was found to have

for many years NRL was the principal U.S. serious limitations. Finally, NRL developed a

organization conducting research for Naval chaff-dispenser technique which first gave

chaff objectives. Postwar developments brought operationally acceptable results (1954). 47

about radars of increasingly greater capability, This technique was incorporated into a dis-

making countermeasures far more difficult. It penser designated the Model AN/ALE-29

became important to be able to break the tracking (1962). This dispenser has been used to a con-
or vitiate the accuracy of the improved fire and siderable extent in southeast Asia air opera-

missile control radars. It was found possible to do tions. A tremendous quantity of chaff has been

this with improvements in chaff. When properly utilized in protecting our aircraft in these

used, chaff has been found to be an effective operations. The use of chaff by Naval aircraft is

weapon. It is a simple and relatively inexpensive based upon the results of NRL's work. The dis-

material. It can be dropped in large quantities to penser utilizes cylindrical cartridges with the chaff

form barriers to screen the movement of aircraft cut into packages to fit inside. One end of the

or ships. It can be dropped in small quantities to cartridge contains a squib which when fired ejects

confuse an interceptor's missile-control com- the chaff. The rate of cartridge ejection is con-

puter. It can be fired from large guns or dispensed trolled to provide the proper spacings of chaff

from aircraft. It can be fired ahead or dropped clouds.
behind the vehicle. The very existence of chaff The Laboratory has also made important contri-has forced radar system designers to incorporate butions to the development of ship-launched chaff
elaborate and sophisticated circuits to counter warheads to provide screening for ship operations
its effects, leading to increased probability of and decoys. The warheads are fired from ships,
malfunctioning. and when they attain proper altitude, exploding

squibs eject the chaff. These warheads have been

NRL conducted investigations to improve the used in rockets, mortars, and Naval guns. NRL's
effectiveness of chaff, particularly with respect work provided the basis for the effectivenss of
to minimizing dipole volume relative to cloud chaff.
size, broadening frequency coverage, and in-
creasing rapidity of cloud formation.46 As the de-
velopment of chaff evolved, aluminum foil with a REFERENCES
plastic coating was used (1950). The plastic coat-
ing made it possible to cut the foil so that the

1. G.H. Clark. "Radioana-Radio in War and Peace," pp. 30. 31. in
volume of the chaff package was reduced to one- the Clark collection, Division of Electricity, National Museum of

fifth that previously used. A further reduction to History and Technology, Smithsonian Institution, Washington.

one-third size or less was accomplished throu''t D.C.
2. Report of the Secretary of the Navy. 30 June 1907, p. 46

the use of metallic-coated glass fibers (1952).46 1&C. Hooper, RADM, "Navy History-Radio. Radar and Sonar
By proper choice of length of dipoles, a variety Recordings," Naval Historical Center, Washington. D.C., Record

could be packaged effectively to cover the fre- lags 31R77, 32R78

quencies of radars existing in a particular situa- 4. A. Hoyt Taylor, "Radio Reminiscences: A Half Century," NRL
Library No. 359.0072.T238

tion. Both types of chaff have been used by the a. pp. 33, 34(1960); pp. 54, 55 (1948)
several military services. b. pp. 130. 13i (1960); pp. 226, 227 (1948)

To be effective in dealing with the improved p. 134, 135l1960);pp. 233. 234 1948)
d. pp. 132, 133 (1960); pp. 229. 230 (1948)

radars, it was important that chaff be ejected and e p. 13I(19 60);p. 234(1948)
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Chapter 9

PRECISE RADIO FREQUENCY, TIME, AND TIME INTERVAL
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allocations were considered by the conference DESIGNATION OF RADIO SPECTRUM
to be permanent, with the exception of the FUNCTIONS BY FREQUENCY

United States, which held them to be a basis
for future research and experiment. The next Ie vr u of adio epme n
conference was planned to be held in Rome in period of circuit osciliation was expressed in1942, but World War 11 intervened. Further "wavelength' rather than "frequency." This had

been the practice since Heinrich Hertz's pio-conferences were not held until the 194 -7 con-
ference at Atlantic City, which considered neering work {188 7 -1888), it being convenient

to measure the wavelength, as he had done, by
channel allocations up to 10,000 MHz. From determining the distance between "nodes" and
this time on, conferences have been held period- dantinodes in a radio-frequency energy path
ically on various aspects of radio-spectrum However, at the time the Navy acquired its tirst

radio equipment (1902), existing stations oper-
called upon to provide technical information ated on wavelengths in the range 100 to 1000
to support the United States positions for theseconfernces.meters (3000 to 300 kHz), wavelengths so long
conferences. as to make impractical their direct measurement

In taking the initiative to deal with the radio- by this method. Instead, the wavelength was
interference problem, which later was to receive determined from values of inductance and
worldwide consideration, a committee was capacitance, calculated from the dimensions of

established in 1922 through the cooperative precisely constructed structures, either of which
efforts of the interested United States depart- was made variable and calibrated in wavelength.
ments and agencies to coordinate their radio- Such a waveineter, with its inductance variable,
channel requirements. In 1923 this committee was provided with the Navy's first radio equip-
became known as the Interdepartment Radio ment (1902). The resonance point was deter-
Advisory Committee and was given official mined by observing the intensity of the spark in
sanction by the President of the United States in a needle-point spark-gap with which the wave-
1927.3 The committee continues to be active in meter was provided. This crude device was

considering radio-frequency-allocation problems followed by the neon tube, the hot-wire ammeter,
of government concern. NRL has continued to and the thermocouple ammeter, which improved
provide technical support to this committee. the accuracy of observation. However, this
This committee agreed with and supported the accuracy was limited to one part in 103.

192' radio-frequency-allocation plan devised The "wavelength" method of expressing the

by the Navy and offered fo, consideration at period of circuit oscillation prevailed until
the international conference. the pressing need for additional radio channels

To meet its responsibilities in carrying out arose, when it became apparent that channel
the provisions of the 192 7 International Radio separation was related to "frequency" rather
Convention agreement with respect to com- than to "wavelength." Accordingly, in 1923 the
mercial radio stations, the United States Congress Navy agreed, in conference with various govern-
established the Federal Radio Commission in ment departments, henceforth to use the term
192' The Navy gave extensive assistance in "frequency." 4 NRL, as a strong advocate for

activating this commission, NRL participated this designation, was instrumental in having
to a considerable degree in drafting the first the concept and term "frequency" adopted by
regulations and specifications. In 1934 the scope the 1927 International Radio Conference for

of this commission was broadened when, through worldwide usage.2 NRL's pioneering work in

Congressional action, it became the present the de :-pment of the higher frequencies had
Federal Communications Commission. provided th, s 'sis for this acceptance.
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the accuracy of the Naval Observatory's standard provide this accuracy, NRL developed the first
of time, considerable future effort of the Labora- radio-frequency meter for operational use in

tory was devoted to advancing the quality of setting the frequencies of Navy radio equip-
the standard of time. This subject will be treated ment (125 to 4000 kHz, type SE 2307) (1924).'

later in tnis chapter. A considerable number of these instruments
were produced by the Washington Navy Yard

and distributed to the Fleet and shore stationsRADIO FREQUENCY STANDARDS

AND INSTRUMENTATION (1926). The Army also obtained these instru-
ments from the Navy for their use.

In 1921, the Bureau of Engineering requested These meters, which were of the heterodyne
the Laboratory to conduct a survey in the Fleet type, required periodic recalibration. To permit

to determine the need for radio-frequency meters recalibration to be done in the Fleet, in 1925

of much higher accuracy to control radio-channel NRL developed the Fleet's first quartz-crystal
emissions beyond the capability of the existing radio-frequency standard (50 kHz) which, as
wavemeters. To accomplish this survey, NRL combined with harmonic-generation cir-

developed the Navy's first heterodyne radio- cuitry, was also the Fleet's first crystal-con-
frequency meter (1923). During January trolled frequency calibrator (50 to 8000 kHz,

192,1, NRL conducted the survey, using two of type SE 2907). 9 These calibrators were made

these instruments. 7 The results confirmed and available to the Fleet and shore stations in

emphasized the need for higher accuracy. To quantities in 1926. This instrumentation was

THE NAVY'S FIRST QUART7? CRYSTAL RADIO FREQUENCY STANDARD (1925)

I hii N RI.-dvvv lopedi % ndird. the typu S 1:'I . t priitted it uraw ilibrat ion tit thc hi. i.rottyniu tqui. i nit lets S 1:

2 Wt prvv iou sly turn she-d, wh ic.h stm cd- tom nuintini raudio eqmmnem ntn gudhigh tretititit s hannes It waus pro vided to

the Fleet in quaiti em 192)2
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the beginning of the development of a long
series of improved radio-frequency meters
which has continued to the present day and
to which NRL has made major original con-
tributions. As a preliminary effort toward
standardization of radio frequency, NRL's type
SE 2907 quartz-crystal oscillator standard was
compared with the Bureau of Standard's tuning-
fork standard and found superior to it in ac-
curacy.10

FREQUENCY STANDARDIZATION

With the Navy's increasing procurement of
high-frequency equipment, the need for high
accuracy in frequency standardization among the
commercial suppliers of this equipment became
urgent. During 1926 NRL developed a quartz-
crystal standard oscillator employing a 25-
kHz crystal having its temperature controlled
for higher accuracy, the type SE 4376. With
additional 50-kHz (type SE 4376A) and 200-
kHz crystals (type SE 4376B), the standard

oscillators permitted standardization of the THE FIRST NATIONAL

entire high-frequency band. These quartz- QUARTZ CRYSTAL OSCILLATOR RADIO

crystal oscillators became the Navy's principal FREQUENCY STANDARD (1927)

radio-frequency standards, and the first TiIs ir ,kl ,,ntr,,(-d is~tll.,ir ,randarn . devlolpd by NRL

national quartz-crystal-oscillator radio-fre- I1''. usitig thrcc. quartz trst.ils. |rnitttcd st.mnd,'dA

quency standards.6 "' I NRL initiated radio- tio (it thu cntirc hih -Ircqucnt , band It wa% Tlt Navs s

frequency standardization among commercial ptinc ipal radiofrcqucnt\ stitidard For national standard
.tationi. it ux.t rtulatt-d inong i n nti r l supplicrs ot

suppliers of the Navy equipment by cir- Nav qipim.t and t. hr irganui,,tons. inudi . thcBell

culating these standards for comparison and Tcphonc .abortirics. R( A. the (,rncrtAl Flictrito. And

coordination among several organizations, tht Natiotial urt-A. oI St.Ind~ud I.'-I

including the Bell Telephone Laboratories,
RCA, the General Electric Company, and the operating at 100 kHz and 250 kHz NRL de-
Bureau of Standards ( 192-). In March 192-, the livered these standards to the Bureau of Standards
NRL 25-kHz standard was taken to the Bell in May 1921).
Telephone Laboratories and compared with NRL also initiated high-precision interna-
their frequency standard, which was then a 50- tional radio frequency standardization com-
cycle electrically driven tuning fork. The two parisons (Oct. 1928).13 Transmissions were
standards agreed during a three-day trial to one made by NRL on 17,746 kHz which were

part in IH0,000. Subsequent to the round of observed by the National Physical Laboratories,

comparisons of NRL's quartz-crystal standards, Teddington, England. These comparisons con-

the Bureau of Standards, which at that time vas tinued for several years. At this time the British

using a tuning fork as its standard, requested were still using a temperature-controlled,
NRL to furnish them quartz-crystal standards electrically driven tuning fork located in an

3419

L.l !



PRECISE FREQUENC( AND TIME

6034 (H-488, 60834 (H-489)

Ii.'

QUARTZ-CRYSTAL-CONTROLLED OSCILLATOR RADIO-FREQUENCY STANDARD FURNISHED TO THE
NATIONAL BUREAU OF STANDARDS BY NRL FOR THEIR FREQUENCY STANDARDIZATION (1929)

underground temperature-insulated vault. Never- To provide further increase in the accuracy
theless, agreement of standards to within 2 parts of maintaining the Navy's radio emissiofns on
in 10 was achieved, their assigned frequency, NRL developed the

first radio-frequency meter to incorporate a
RADIO-FREQUENCY METERS FOR quartz-crystal-standard oscillator-driven clock
THE HIGHER FREQUENCIES which permitted comparison and adjustment

in the field through observations made
As the Navy began to utilize increasingly directly from Naval Observatory time-signal

higher radio frequencies for communication, transmissions (1927-1930).", This equipment,
the need arose for radio-frequency meters of designated the Model LF (30 to 30,000 kHz),
correspondingly higher frequency ranges. To provided an accuracy of one part in 101. This
meet this need, NRL was first to develop a equipment was installed at the Navy's stations
high-precision radio-frequency meter to at San Francisco, Hawaii, and the Panama Canal
cover the entire high-frequency band (1927). 4  

Zone. Radio-frequency meters of this ryp-, but
This equipment was the first to be used in without clocks (Model LG), Acrc installed as
the Fleet and at shore stations to maintain standards aboard Naval flagships
communication equipments operating in any NRL developed the first high-precision
part of the entire high-frequency band on radio-frequency meter suitable for use in
assigned frequencies (SE 43-9, heterodyne, aircraft covering both the medium and high
SE .+3,89, calibrator) (-(100 to 20,000 kHz). radio-frequency bands (195 to 20(XX) kHz)
They were furnished to the operating Navy in (1934). Designated the Model LM, it em-
1928. ployed a single quartz-crystal standard with a

350
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,l834 4'101

11l1E FLEET'S FIRST RADIO-FREQUENCY-MEASURING EQUIPMENT COVERING THE ENTIRE
&U(;H-FR EQt ENCY BAND j)927)

This Iqu'inr, ,kvicld ht NRI. onprtstcd i'ic Mtodcl S I:- A; hcirod tand tht- Ndl "I S ,-# )ahtr.rwr o)nl hOt
l.1itt IS %h o nl

low-temperature-coefficient I-MHz crystal for worldwide surveillance of the frequency of its
calibration. It was capable of an accuracy of own radio transmissions and those of other
0.02 percent. Its compactness, light weight, nations, with a frequency range covering the
and flexibility brought about extension of very low through the high-frequency bands It
its application to universal use. Thousands of requested NRL to develop the required equip-
Model LM meters were procured and used, ment, which would be capable of rapid measure-
particularly during World War il. The Army mcnt of fretquency with the highest degre.' of
also made extensive use of this meter, giving accuracy then possible Accordingly, NRL de-
it the designation type B(-221 but retaining veloped the first radio-frequency-monitoring
its essential features. Many of these instrumnents equipment for worldwide surveillance of
remained in operational use for over a quarter radio emissions covering a frequency range
century. A considerable number are still being used from 16 to 27,000 kHz and capable of mea-
by nongovernment activities. suring frequencies with an accuracy of one

part in 101, or one cycle (1946).7 These

RADIO FREQUENCY MONITORING equipments (Model LAM) were installed at
SYT E NY MNavy operating stations in San Francisco and

Washington, D.C., with one at NRL in 1946.
In 1944 the Navy planned to establish a Subsequently, the equipment's frequenty

radio-frequency-monitoring system to provide range was broadened to rover from 1.1 kil? to

3S 1
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THE NAVY'S FIRST RADIO FREQUENCY-MEASURING EQUIPMENT INCORPORATING A

QUARTZ-CRYSTAL-DRIVEN CLOCK WHICH PERMITTED DIRECT C:OMPARISONS WITH OFFICI AL
NAVAL OBSERVATORY TIME TRANSMISSIONS

rhii equi p ment wAis deve Is peda.s N RI. humrci ees I!- and I 0( It provided h ghe r AsUras,, sin rasd i spy-strurn sit hinc steidhert-s

ins rsd is tr rnsm isimsns Kno wn ms the Modeile I11 it w~ts the first equsi pment to Lo-er the- tre-queni ranf,'e tit ;tt tos ;0,000 k.iz

It ws usedi on Fleet tIlsgshipsand at shore stastionss I hie crystas osc illatosr detAils re shoswn below%
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THE FIRST AIRCRAFT PRECISION RADIO-FREQUENCY METER FOR
RADIO-CHANNEL ADHERENCE (1934)

This nit-er emrploye-d A single quart,.- rystal cAlihrmror to) (over the r~nw I 95 ro 20,0(X)
kHz The simpiq ncoimpa(trneis. ind utility of this NRL-developed meter brought abour
utuvemil usAge
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FR NI.i (19500" A considerable quantity of' radio equi pment bei ng protured. Thu equipment
these cquipntts was obtained from commnercial used aI 100-kilz h igh-pre s ion qua rtz-i rvstal
s( ur, s working under N RL guidaneec. The Oscil lator standard, wirh a systeni of pre nSClV
cquiptnent was installed in all Naval distric~ts control led trequencu multiplicrs and divider-s

at ertriln strate-gic Naval stations throughout to proix three' series ot' i terlat ed spet trunIISI
the wvorld, and at eurtain Navy Yards and lahora- ot- harmonies with basi rati of i), I10, andII
ti rics liii, e-qu lptilnt isr provided a meanIIs klIlz. The resulting,1 frequen ~v difthren vC betweencf
ot au. urate ly he tking ftrequen ics during the standards wvas then measured akLuratcl Ima thu
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auio-frequency level, using an interpolation reducing the time previously required in
oscjilator and a cathode-ray' tube with at Lissajous oscillator comparisons. NRL's method is now
pattern. in worldwide use. In 1951 the original capa-

hi lity of the method of I part In 10' was increased

HIGH PRECISION FREQUENCY to I part in 101 through NRL's development ot

COM PARATOR an error-miultiplier technique. This made feasible
for the first time (195 1) the rapid, precise com-

NRL was first to devise a method of instan- parison of the frequencies of the hank ot quairtz-

taneous precise comparison of the frequency crystal oscillators then used in the determination

stability of highly stable radio-frequency of official standard time tor the Lnited States b%
oscillators capable of an accuracy of one part the Naval Observatory. The method taame Into)

in I01", to accelerate the advancement of general use in the Navyin- 11 11)51 In 114,2o NRI.
radio-frequency standardization (1947-I19 62). ii further increased the ai urac% of the iiiethodL ito

With NRL's method, frequency differences one part inI loll, by, devising a Li-rsstal-dis rimi ni-

could he continuously recorded, tremendously tor and active-filter technique

Al

47537

HIGH--PRE(:ISION FREQUJENC:Y COMPARATOR (FREQUENCY DEVIATION METER)

This instrument w.Ls first to permit irsniantan ous tonrparsonrs ot Iiighli, stable oss ii Irror% uith in ttid5

--i' liart on 10ii', Ihi,- 196,2) The- mvrhodo Iind rho 0-quo mono vJo- u,1p h% NRL tro n ooosl ro-dutod rhe time

reqire too o mako-e i %tl ornimriso os it is noo in Wto orl ~iw o oh us Froqueion dol r flo-ill. is :onlitntiou0%I rrs ortled
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DECADE FREQUENCY SYNTHESIZER develop a decade frequency synthesizer which
generated output radio frequencies of high

For niany years there had been sought a nicans purity, equal in frequency precision to that
of generating highly precise radio frequency, of the input standard, from a single-crystal
selectable on a decade basis, for both trAnsIMS- frequency standard and selectable on a decade
sion and nicasurernent purposes. Various mnethods basis with digital increments of any desired
were devised involving the use of both single degree, the smaller increments having no
And conibinastions of precise crystal-controlled detrimental effect on output purity (1949).211
Oscillators. However, these mnethods utilized Each decade could be selected either manually
Continuous self-oscillators to interpolate between or automatically, in accordance with a pro-
steps ito provide the required tine gradations of gram digitally controlled. The synthesizer
trequenc% Previous attemipts ito produce 11he could be frequency-switched at a rapid rate.
small frequency incremnents on .1 decadc basis a feature of importance to certain communica-
ntroduted unacceptable spurious f -requenicy tion systems. NRL's synthesizer has been used ex-

comiponents in the output. NRL was first to tensively by the Navy, other government organ-

Hz t 10THF FIRST HI(,H.Pt'RITY-OT~tpTT DECADE FREQIUENCA' SYNTHESIZFR

This synthesizer generated on output equa i! frequency precision to that of the input standard from a single crystal frequency standard andseectable onadecade basis with digital increments of any desired degree NRL's original model, shown here, covered a frequency range ofI
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izations, and commercial interests in controlling ashore were not suficiendy rugged to provide
the frequencies of transmitters and receivers for satisfactory performance at sea. Under Bureau
radio communications, navigation, radar, stand- sponsorship, NRL provided the necessary
ard time and frequency transmissions, and for guidance of a contractor to develop a satisfac-
measurement and other useful functions. The tory shipboard quartz-crystal frequency
latest versions of NRL's synthesizer utilized solid- standard which had a precision of one part in
state components. The synthesizer was made possi- 108, two orders better than the precision pre-
ble through NRL's choice of special combinations viously available (Model AN/URQ-9) (1952)2"
of electronic algebraic operations and its develop- This standard employed a 5-MlHz quartz crystal
ment of a locked-oscillator-f requency -divider tech- of special design, utilizing the tifth overtone
nique which inherently provided filtrationoifunde- of- I M~Hz, which was less susceptible to ships'
sirable frequency components. Spurious output motion. Further improvement in the utilization
components were eliminated by avoiding the of" this standard aboard ship was obtained in the
use- of hartionit steps less thati t ninth inI tl 1w subsequent Model A N LTRQ-I10 through the
freqUent', divider chain W'ith the proper choic use of solid-state components, which reduced
of algebraic cotibinations, miv frcquenky.v oitlut the physical size to one-third (1901). These quartz
down to thle kvk.. I or amn desired, deuimal trak- crystal frequency standards were used throughout
ion therevof kan1 11C prod Ukted w ith preckis on the Fleet.

of the basiL inpu t IrequciL\ standard 11w first

produ.ttion ot the \In es c odel A N
INI 11haid .i t re*quent% raiig ot 0 01 liI to N AV'AL. TASK FORCE RADIO

I \HL, 1 ii0011 step I 0s$ \\iltho ins odel. FRFQI)FNCY MONITORING SYSTEM
hii4her raidio, I requinkics we(re- obtauned rliroi&gh
trcqiL-n. s itultipm,.a ]iroi lii I '~ H- Ircpis' thq Itn At the requecst o fte alee .inith N.t\% Dce

.mii Z " %%.I Cxtende'd to lo0 \il 'InI the( Mfodel p.irtinint. N RI de~ised equiluicm itnd pros ided
AN L'S,\ I 1 1, tnd still hner to too \Ill;. Asail it ito assess h efth tinesns (fi~tini raio
able In I Y ' the NIoe AN I. SNI 1i. .omi Jonui to Uring hc i operatiotis of the
titer. .ll knosn a% the lHP *10 lot %%it a trCqteIC, (as- for~c e,\er.ises kno%%n i is ' Basclitic 11.
ran~ze ot so Hi~ to "0o \Ill;I. Ias been .m \cr itivols1 iii1 a .11r Ze num~ber Of Ship'S Ald held III theC

popular ind \IIII dliuse'd svtPsa l..iti tea arcii.mre in IIIto Obser"mtions is ith
NRI s equplmeii e'stabIIlhd chI.It theC ILAistIllt

raiho-re.quen.~k m ~onitoring Lacilitics wevre quite

ina.de'quate( to Iisure the degree ot Of s AWned
khannel tkihcreIkC Lonstdered esse-ntiail tor die

][11161 PRFCISION SIlPBOARD) reliabil lit~ncessarN in task forcLe operations
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Standa~rds whin. hamd been developed for use IuinALIpt~ible dcl.1- and uire-liabilit% I iniportant
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BY NAVAL TASK FORCES
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Naval Research and the Navy Bureaus, NRL cuit set up between NRL and the Naval
has participated in a development with the Observatory, this standard was used in the
National C:ompany, Maiden, Massachusetts, first determination of standard atomic time
involving the adaptation of the cesium-beam iA-l) for the United States (1956). The
resonance pr: -iple to provide the first cesium beam was adopted by the International
cesium-beam frequency standard for service Conference on Weights and Measures, held
use.%1 In 1956 NRL received the first cesium- in Atlantic City in 1967, as the international
beam standard and carried out investigations standard of frequency relative to the second,
of its accuracy and general performance in operating at 9192.631770 MHz (1967)."1 It
collaboration with the Naval Observatory can be relied upon to provide frequency ac-
and with the National Physical Laboratory of curacy to better than one part in 1011, one
Teddington, Frngland. Through a special cir- order higher than that previously attained.
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PRBI ISlE FRUQIL:N( Y AND TINIME

tile United States were declared by the Depart- neering to provide a quartz-crystal oscillator-
mnt of Defense (I 9- 109 The Observatory controlled clock (9i l)."s At this time, NRL
began providing standard time service to the was advancing its quartz-crystal frequency
nation via transmissions over telegraph lines standards, frequency divider, and clock-operation
in IO-1. The Navy was first to establish official techniques in providing a frequency standard for
scheduled transmissions of standard time signals the Fleet, the Model LF. Since the General
by radio, so that ships at sea could chick their Radio Company had produced the synchronous
chronometers frequently, antedating all similar motor for this equipment, NRL placed a contract
services by at least 1) years ()190-1. These with this organization to provide the clock for
transmissions were made from its Boston Navy the Naval Observatory. The resulting device
Yard Radio Station. This was accomplished on used a ,0-kHz quartz-crystal oscillator which,
an experimental basis from its station at Nave- through the use of a frequency divider, drove a
sink, New .lersey a year earlier. Thereafter, 1000-Hz synchronous motor geared to a shaft
tile Navy's transmission of standard time signals which rotated once per second. The shaft carried
was extended to a number of its radio stations a master cam contactor, producing the time
locatcd at strategic coastal points of the country. signals. The shaft also carried a dial, illuminated
Beginning in )ecember 1)12, the Navy's sched- by a neon ttlbe, caused to flash by the contactor,
ulcd time transmissions were placed on a nation- which permitted observation of the precise
wide coverage basis with the availability of its time of contact and its adijustnent to the re-
new Radio (entral" station at Arlington, quired tine.
Virginia (NAA), at that time the world's most Another important feature of tile new clock
powerful station (205 ; meters, I I i kHz(:110 was its use in connection with the Observatory's
This dissemination of standard tine by the Navy "Photographic Zenith Tube" (PZT) in tile
with surveillance for accuraly by tile Navail determination of standard tine. The PiT con-
Observatory continues to the present day fron prised a rigidly mounted vertical tube with an
the Navy's several radio stat ions, delegated to objective and a photographic plate carriage at

provide time service, with worldwide coverage., the top and a mercury basin at the lower end.
Ili (ooperation with the Naval Observatory, Light from stars near the zenith of the observa-
NRI. has made nany contributions to dvAnCe tory was reflected from the surfatc ofthe mercury
the determi nation, coverage, a.curac, .intl and recorded oin thC plate mounted (n the

utility of st.dard time and time inte-rval, soie carriage. Sharp star images were obtained due
Of which have already been iLndica-ted, to the east-west movement of the carriage,

driven through a mechanism by the quartz-

crystal os(illator at a rate compensating for

STANDARD TIME TRANSMISSIONS thel e.rths rotation during the exposure. Through

WITH QUARTZ-CRYSTAL CLOCK a procedure involving measurement of tile
itnaiLs on the plitc, the time of star transit of

I t its transmissions of standard time signals, the the mnridian tould be obtainted. On a clear
Nival Observatory, prior to 1) 1.1, used pendulum night as mlny is 20 star images could be recorded.
type clocks, checked through astronomical ibser- The quirtz-crystal clock equipnient Was placid
vations UIndesirab!c inaccuracies were encoun- in opcration by the observatory in May 190 i
tered with these chloks, because Of aCtuatioll if It renained in service for a consldcrable peri od,

.ontacts required to produce tinlc signals. To during wh. h improvemnnt in aturacy was
improve both tile accuracy of producing tiiC obtai iet by iiiod ifying tih mou01l1nting oftle quart.
(ttlle signals and also the determ ilination of time, crystal anlld Cnclosing it i an eva. Uated chanbcr
NRI. was requested by the Naval Observatory tt) redu c til. efte.is (if tc.ngcs in baronietri.
undcr the Splontsorship of the Bureau of Ingi pressurc



PRE(:lSE F:REQUTEN( N' ANt) TIME

TIME TRANSMISSION EQUIPMENT
FOR REMOTE STATIONS

In 1951 the Navy required further increase
in the accuracy and reliability in the transmission
of its time signals. It had been transmitting time

ohihfeunisfrom its sttosa na- FREQUENCY_____
on hgh requncis sttios Anap- DIVIDER

ohis, San Francisco, Hawaii, and Balboa in the
Panama Canal Zone, accomplished through the
tsor tlAnnaplind thencte val adiorela-o COK

usey o Anteegaplinedro thene Niaai rbera-t
the remote stations. Variable errors had been
experienced of up to 20) milliseconds in the
Annapolis transmissions and over 100 nmillisec-
onds from the Hawaii and Balboa transissions.
After an unsatisfactory attempt to obtain improve- OSCILLOSCOPE-

ments from commercial sources, NRI. was
requested to undertake the problem. NRI RLM
investigations revealed that the iacrce COMPARATOR -

and unrealiability were due to several factors.
nc lud ing variations in the wire linte and in CRSA

propagation, the reliance upon mechanical con- PRECISION
factors to produce the time signals, and mnade- OSCILLATOR

quacies in the time determination and transmnis-
sion equipment at the Naval Observatory.

In dealing with this problem., NRL was first POWER
to develop a standard time-transmission SUPPLIES
system in which the several remote stations

* were provided with equipment to generate
their own time-transmission signals with a I1 b,

high degree of accuracy, the errors of which
could quickly be corrected by means of
observations made at the Naval Observatory
in Washington. D.C. (1953 ).32 The NRL- THE NRI.-DEVELOPED QUTARTZ. C-RYSTAL CL(X:K
developed time-transmitting equipment WHICH AS INSTALLED AT ALL NAVY TIME

RANSMITTING; STATIONS PROVIDED. FOR THE
(Model ANIFSM-5A) was first to utilize the FIRST TIME, STAND)ARD) TIME TRANSMIISSION
leading edge of continuous-wave transmitted (:OVERAGE OF THE ATLANTIC AND PAC:IFIC
pulses generated by a quartz-crystal oscillator AREAS WITH AN ACCU1RAC:Y OF

as a means of indicating a desired precise ONE MILLISECOND tI050

moment of time. This equipment was installed IIlo i~kt AN I:SNIlSA) were kept aa..ur-Atu through
at all the Navy's time transmitting stations obervations inadt- and torra-atlans tzrni,hud by) the NaisaI
which provided coverage of the Atlantic and ObsuraitorN In .a later iversion. the ANTS 151, NRI.
Pacific Ocean areas. The new system made pro\vided tIW)i I a tI . whith for the first tame has inikilta.

possible for the first time transmissions from tnvouS ouint~ita ot both II sidereal and sol.ir ticantrinme it, itt
,A " Ur~a (Ifo -' p'Artst 111 1"' clattan.iting the N.tiaaI ObM-rva-

widely separated transmitting stations to a to)r%% lot: proauss in toaparing the several a otks us~ed in
precision of one millisecond. the detration tit staindird tm



PRECISE FREQUENCY AND TIME

This Model AN/FSM-5A equipment utilized "Radio Central" station at Arlington, Virginia
new pulse-delay and cathode-ray-display tech- with high-power, high-frequency transmitting
niques for measurements to permit the precise equipment, the Model XD, already described in
control Qf the incidence of the timing pulses Chapter 3, "Radio Communication." The capa-
and to allow adjustment prior to the time trans- bility of this station to transmit simultaneously
missions. A novel regenerative type of frequency on four selected frequencies assured broad
divider was devised which proved fully reliable coverage for the Navy's time service. Time
in operation of the quartz-crystal clocks. The transmission on high frequencies are still being
mechanical contactor, although retained to continued from certain designated Navy radio

serve as a gate to pass the time pulses, no longer stations.

affected the accuracy of the leading edge of the Experience has revealed that the rapidity of

time transmissions. the change in phase of the transmitted energy
To improve substantially the Naval Obser- in this high-frequency band, due to movements

vatory's time functions, NRL developed a of the ionospheric reflecting surfaces, limited

quartz-crystal clock (Model AN/FSM-5B) the accuracy of time transfer over long distances
which, for the first time, provided from a to one millisecond and that of frequency and

single crystal, power outputs simultaneously time interval to one part in 107. Propagation
at both sidereal and mean solar frequencies observations in the VLF band established thatto an accuracy oftwo parts in l0,equivalent transmissions in this band were much more
to a possible error of one millisecond each stable and predictable both diurnally and

to aposibleerrr o onemilisecnd ach seasonally. In 1959, NRL proposed that the
century (1954). 3

3 Power at the sidereal rate nay Igh- power cm ation
droe te sarimae rcorin mehansm Navy's high-power VLF communication

drove the star-image recording mechanism stations be used for the simultaneous trans-
for the determination of time. The power at missiots of precise frequency and time to-
the mean solar rate was utilized in the obser- gether with its communications. In accom-

vatory's surveillance and control of the time plishing this dual time-communication

transmission of the Navy's several stations. transmission function, NRL devised phase

This clock eliminated the long comparison tracking and other techniques and a time-

process and errors involved in the two separate signal format which provided the transfer of

quartz-crystal clocks which previously had time on VLF over long distances to an ac-

to be used by the Observatory in performing cumc n tw oer highe tan hig
curacy nearly two orders higher than on high

these functions. NRL's clock embodied a frequencies, or 50 microseconds, and the
dual-frequency generator involving a special transfer of frequency and time interval to
combination of electronic-algebraic operations one part in 1010, simultaneously with fre-
to provide a sidereal to mean solar time ratio, quency-shift-teleprinter communications
as derived from Newcomb's right ascension of (1959-1973). 34  NRL's developments were
the mean sun. Power from the clock was also first applied to the Navy's VLF station at
used to drive other astronomical devices at Summit, Panama Canal Zone (NBA) to meet
the Observatory, including its large telescope. an urgent operational requirement for more

precise time rating for missile launchings at

VLF WORLDWIDE PRECISION TIME the Atlantic and Pacific Missile Ranges, now
AND FREQUENCY TRANSMISSION known as the National Missile Ranges (1959).

SYSTEM The NRL developments as they became
available have been applied to all of the

The Navy has been transmitting precise time Navy's high-power VLF radio stations, pro-

and frequency on the high-frequency band since viding worldwide precise time and frequency
1927, when NRL first equipped the Navy's service in addition to their communication

365
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60834 (H-501)

FIRST TRANSMISSIONS OF HIGHLY PRECISE FREQUENCY AND TIME ON VLF

NRL was first to devise techniques for the transmission of precise frequency and time by VLF and to apply these techniques, thereby

obtaining a two-order increase in accuracy (or to 2 parts in 10"0) in frequency and a five-fold increase in the accuracy of time (or to 200

microseconds) over that previously possible with transmissions in the high-frequency band NRL first applied the techniques to the Navy's

station NBA at Summit, Panama Canal Zone (1959) Shown is the NBA frequency-time control equipment The two similar outer panels

contain time comparators immediately below the clocks The VLF phase indicator and adjuster units are at the top of the center panel NRL

adapted the system for simultaneous FSK operations in 1963 and for timed FSK transmission operations in 1970 The frequency-comparison

precision has now been improved to one part in 1012 and time accuracy to 50 microseconds NRL's developments have been applied to the

Navy's high-power VLF radio stations, providing worldwide frequency and time service in addition to their communication function

167
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function. This system currently serves other gov- work on high-precision frequency stabilization,
erment organizations, commercial interests, and already reviewed. The necessary phase coherence
organizations of other countries such as England, and continuity were thus made available. For
France, Australia, New Zealand, and the South incorporation of time and time-interval transmis-
American countries. sion in the system, NRL developed the first

radio receiver and auxiliary equipment which
Actually, the capability of the Navy's radio could automatically track and record the

stations to operate at VLF in the frequency- phase of the received VLF energy with high
shift-keying mode is a direct result of NRL's precision. Through observations with NRL's

NIAVAL SHIP

60634 (H-502)

WORLDWIDE VIY FREQUENCY AND TIME SYSTEM)

NRLs precise frequency and time developments havebeen appliedtothe Navy's high -powerV IF communication stations N AA.
NSS, NBA, NPG, NP,fNOTand NWC., making possible precise frequency and trmeservice in addirionto the communication
function 0l959 to 1967). England's station GBR also provides service. NRL's developments have also been applied at the Naval
Observatory (NOBSY) to serve its frequency and time determination and surveillance functions NOBSY has astronomical
observation stations (085) at Washington, D.C., and Richmond, Florida NRLL provides NOBSY with atoms, time data over a
special radio circuit, which is used in combination with data from the NOBSY clock system in the determination of standard
frequency And time. The system serves all military services, other government organizations, such as the Bureau of Standards
(NBS), commercial interests, and organizations of other countries- International cooperation is accomplished through the Inter-
national Radio Consultative Committee (CCIR) of the International Telecommunications Union (ITUl, an organization under
the United Nations
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equipment and the correlation of the data by aircraft. The success of the demonstrations
obtained, prediction of the corrections neces- has led to operational use of' satellite tiflie
sary to compensate accurately for ionospheric transfer between Brandywine, Marl-land, Fort
variations could be determined. The observa- Dix, New jersey, and Germany to serve our

tions also allowed the detection of sudden military forces and NATO in the Atlantic and
ionospheric disturbances and permitted European areas. Satellite links between Brandy-
taking the necessary action to deal with them. wine, Maryland. Camip Roberts, California.

Further NRL imiprovemients have perimted Haw~aii, and Guam serve the U.S west coast and
timec transfer between the V'LF station at Summnit. a large portion of the Pacific Ocean areas. Subse-
Piana Canail Zone NBA) and \\ashingron. quently, the service was extended to provide cover-
D.C. to a precision of one iriirsecond And age of the Western Pacific and Indian Ocean areas.
trequency and tinie interval to one part n 1()1 The NRL technique has also improved the com-
ItQ-). These improvements resulted through munication performance of the Department of De-
NRI's aipplicaition of' eletrionic: Lorrecl.itiOn fense satellite communication system, in that it
tec hniques ito the VLI LU onniunic.iron SNsstem). permits time predicted initiation of coded
These improvements were applied to all Nav y VLF transmissions.
communication stations.

PRECIE TIE TRNSMISIONVIA:ENTRALIZED FREQUTENCY AND
PRECSE IMETRANMISIONVIATIME CONTROL

COMMUNICATION SATELLITES

NRL demonstrated the feasibility of trains- eleto the equ'it.ioraid shoiteat Nois

ferring time over long distances via comn- h.i beni faed int abar sro siple of i oNa

munication satellites with precision as high mosdbeen rig ith a equiment fror rin atout

as one-tenth microsecond, making possible nece.ssiry Lonini.ind aind tontrol funk lions in the.
synchronization of time functions on a world- linmted spaice a~.ii lable Some ispctts of (his
wide basis to this accuracy for the first itifne problem ailso exist Ait the Naiv's shore, staitions
(Feb. 1 9 7 0 ).*Is Subsequently, the time function The elettronit equjipments muLst be precsel\
was found of such utility that it was in- trritrollcd in frequency% to a%'Oid n11IuUAl iter
corporated as an integral feature of the fereiwe., to insure re-liabi Iri in mnainlar niiig
Department of Defense satellite communica- konininat ion t irk tit kwiuils', and to tse (te
tion system. [:or (he de.monstration, NRI. radio spectrum nnoiial The. e-quipmnts
dceveli ped equip rue nt ton in lerta.ue a standard Al1so require. prki se limet aind timet in terva t1 or
lot k \% i(t satellite sysvie niodenis AN t'RC t hir rt.spet. ts fun io i)ns 1rov is ion of' intd iv\idualI

',')) Trainsimissions ito establ ish the at. u tracy s ta ndard s oft It ighes( prck isron for each equip.
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Chapter 10

ELECTRONIC SYSTEMS INTEGRATION

INTRODUCTION developments, which made the high-frequency
band available for use, resulted in greatly re-

The subject of the integration of electronic duced size of both antennas and equipment.
systems has several facets, each one of which These developments made possible the installa-
has marked influence on the overall effectiveness tion of many more communication equipments
of these systems in serving command and control aboard ship, with an actual reduction in mutual
functions. One facet of major importance is interference. NRL's subsequent development of
that of combining the information provided by broad-band antennas and multiplexing circuitry
systems such as communication, radar, IFF, brought about a further substantial increase in
weapons control, navigation, and countermea- communication capacity, with reduction in ship-

sures so that it is most effectively available for board antenaa structure complexity and adverse
command decisions and their execution. Another equipment interaction. NRL's developments in
facet is that of the electromagnetic compatibility the antenna anti multiplexing fields are reviewed
of the several systems in close proximity as they in (:hapter 3 of this document.
are aboard ships and aircraft and in task forces. An important factor in electronic systems
Compatibility involves the avoidance of mutual integration is that concerning radio frequency
interference through proper equipment design anti time discipline. The number of channels in
to control spurious emissions, realistic frequency the radio-frequency spectrum which can be
channel assignment, anti adequate frequency practically utilized by the several electronic
discipline. Still another facet concerns the systems and the reliability of their respective
physical integration of equipment and com- functions are dependent upon the degree of
ponents to contend with the tremendous pres- precision of control of the frequency of the
sure for the proliferation of equipments to be system's radio emissions anti that of the selec-
fitted into the limited space available aboard tivity of the associated reception equipment.
ships and aircraft. Allied with this is the factor Furthermore, the utilization and reliability of
of reliability and the standardization of com- time functions such as synchronization in digital
ponents and equipment design to minimize. and security code operations over great distances
service and to facilitate storage of spares and use require that highly precise time and time interval
of operational manpower. be available for the several electronic systems

The Navy's first step in electronic systems requiring them. To insure maximum radio-
integration was taken when the radio facilities spectrum channel and time function utilization
of the battleship USS WYOMING were arranged and maximum system reliability, NRL initiated
so that simultaneous transmission and reception the concept and developed a system for the
were first made practical aboard ship (1923). precise control of frequency and time functions
The WYOMING incorporated NRL's multiple of the several electronic systems from a single
reception system, with reception and control high-precision, locally situated centralized source
facilities for communication centralized forward, with means for reference to the standards of
and the transmitting facilities located aft.i NRL's radio frequency and time established by the
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ELECTRONIC SYSTEMS INTEGRATION

Naval Observatory in Washington, D.C. with After the war, the greatly increased numbers of
world-wide coverage. This system, intended for aircraft and missiles estimated to be involved
use both aboard ship and at shore stations and in future combat made evident that the existing
termed "Centralized Frequency and Time Con- manual method of plotting data in CIC and the
trol," is described in Chapter 9 of this document. use of voice communications in carrying out
NR s development of radar brought about a such functions as air intercept and task-force

radical change in the concept of'command deci- target-data coordination would no longer be
sion. Instantaneous, comprehensive preception adequate. New means would have to be devised
of combat situations and unique means to carry to process the large amount of data involved and
out decisions first became available to command. put it into a form suitable for rapid and accurate
However, the effectiveness of command's use of use for command and control and for task-force
radar's capability required the utilization of distribution. Furthermore, automatization of
other electronic systems. During the Fleet processes would have to be introduced whenever
exercises in 1939, when NRL first demonstrated possible to relieve the burden on manpower. In
the operational capabilities of radar with its 1946 NRL initiated a program to seek a solu-
Model XAF aboard the battleship USS NEW tion of the problem.6 Through observations of
YORK, the need for associating radio-com data handling during various Fleet operations,
munication facilities with radar was quickly the analysis of the characteristics of the several
observed.' The alliance of these facilities was electronic systems, and a study of their interre-
promptly arranged, and at once the operational lationship, the Laboratory endeavored to obtain
use of the radar-derived information was strik- a thorough and realistic understanding of the
ingly expedited. NRL's invention of the PPI, nature of the data involved and its flow incon-
providing a map-like, antenna-centered display ducting the several combat functions. NRL's
of targets and obstacles within range, greatly interest in electronic systems integration led
enhanced command's capability to assess air to its taking the initiative in bringing about
and surface situations NRL's IFF develop, the establishment of a systems-utilization panel
ments and its origination of the display of target under the Electronic Committee of the Depart'
IFF responses associated with radar echoes in ment of Defense Joint Research and Develop-
PPIs greatly facilitated the identification of ment Board (1947). This panel was responsible
targets and the conduct of operations such as for coordination and integration of the various
air intercept. 4 PPIs were first mounted integrally military electronic systems. In March 1950,

.; with other major components of radars. When NRL held the nation's first symposium on elect
the need arose for several radars to be grouped tronic systems integration, bringing to the atten-
together, the large size of the assemblage inter- tion of representatives of the Chief of Naval
fered with the effective utilization of the target Operations, the several cognizant Navy Bureaus,
data presented. NRL's development of the the Army, Air Force, and British the results
remote PPI permitted the compact assembly of its efforts. NRL reviewed its concepts con-
of several PPIs, a large plotting board, and cerning the utilization of electronic storage,
communication facilities, with other radar processing, and display of target data. These
components remotely located.' This assem- concepts were particularly apropos, since they
blage became known as the "Combat Informa- offered the most promising solution of the
tion Center" (ClC), inaugurated in the Fleet pressing data problem. One item reviewed,
during 1942 and 1943. NRLs developments which has continued to be useful to the Navy,
in these fields have been described in Chapter was the presentation of the technical character-
4 of this document. istics of the Navy's radar equipment in document
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form. NRL has periodically revised this document the system was completed. it was subjected to
at the Navy's request up to the present day.? evaluation by the Navy's Operational Develop-

ment Force personnel, who manned all the oper-

ELECTRONIC TACTICAL ating4 positions. Extensive operational trials
DATA SYSTEMS were carried out with both aircraft and simulated

targets. The resulting report indicated that the

NRL continued its development of a data basic concepts of the system were sound and
system employing electronic means to generate that its potential target capacity was many
target-position data in tracking, to store the times greater than existing CIC installations.
target data in ai memory, to display selectively However, this capacity could not be fully
such stored data for command And control, and realized until radars of far superior performance,
to transmit the stored data between component such as that of the Model SPS-2, were made availa-
ships of a task force for coordination in air ble. The report recommended continued develop.
defense. During 1950, while proceeding with ment of the data-system concept (1952).'
this program, it became known that an equip- The air-defense system involved live target
ment was under development in England (Elliott data from three radars, an AEW terminal, and
Brothers) for the British Navy which employed Mark X 1FF system. Ten HF And UHF equip-
remotely controlled potentiometers operated ments were part of an external -internal corn-
by trackers to store target information, And munication network. Displays were provided
telephone stepping switches to Scan the stored for the Flag, ship captain, CIC officer, detectors,
target data for display on PPIs. This equipment trackers, analyzers, air-intercept controllers,
was part of a system termed the "Comprehen. supervisors, and gunnery liasion officers. Elabo-
sive Display System' (CDS). Since the British rare nsrumentation for automatic recording
Navy was not in a position to investigate the of operational data electronically was also
performance of this equipment adequately in provided. The data store had a capacity of 96
An air-defense system. it WAS proposed that the positions, 24 of which were assigned to target
U.S. Navy undertake the task. NRL reviewed the data from three tracker positions, 12 to early-
equipment in England And reported its findings warning data obtained via the AEW terminal
to the Bureau of Ships. This review resulted in and communication circuits, and as many simu-
a decision to proceed with the invt-stigation of lated targets as desired to minimize the number
the equipment, and under the Bureau'.s sponsor- of target aircraft and to permit operations to
ship NRL assembled a complete air-defense continue during bad weather. Track-number,
system including the British equipment at its plan-position, identity, height, and size data
Chesapeake Bay site. With this installation NRL were stored. Identity data were stored in cate-
was first 'o demonstrate an air-defense system gories of friendly or hostile, action taken or no
utilizing electronic memory and switching action, own-force aircraft or other, aircraft
means in the tracking of targets and their homing, or emergency. Height was stored as
selective display for command decisions and low, medium, or high. The size of aircraft groups
their execution (1951-1952).g This system was was stored as single, few, or many. A "detector"
the most elaborate assembled up to that time. operator, observing a target on own-ship radar
It aroused widespread interest, and numerous PPI, inserted the targets plan-position data into
demonstrations were given to many high one of the store track number positions by
officials of the U.S. Navy, Army, and Air aligning a small circle with the target echo on
Force, and to British and Canadian military the PPI with a control stick and pressing a button.
services and associated laboratories, When Three tracking operators, equipped with PPIs,
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.o I

* THE AIR-DEFENSE DATA SYSTEM FIRST TO DEMONSTRATE ELECTRONIC MEMORY AND
SWITCHING MEANS IN THE TRACKING OF TARGETS AND THEIR SELECTIVE DISPLAY FOR

COMMAND AND CONTROL DECISIONS AND THEIR EXECUTION; ASSEMBLED AND DEMONSTRATED
BY NRL AT ITS CHESAPEAKE BAY SITE (1951-1952)

This system was the forerunner of tactical electronic data systems, such as the Naval Tactical Data System (NTDS). The picture on the left
shows the electronic memory (left in picture) and the target and display switching equipments (right in picture). The target detection and
tracking equipments are shown at the upper right. The tactical control consoles can be seen at the right in the lower right picture; the sir
controllers' consoles are to the left.
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continually updated this plan-position stored this study was the first comprehensive collection
data in a similar manner. Equalization of the of actual traffic data taken simultaneously on a
target load on the tracking operators was auto- large number of communication nets during a
matic. Analyzer operators equipped with PPI, Naval exercise (LANTFLEX-/2, 1952). The
1FF, and height-finding inserted the identity, volume of communication traffic flowing among
height, and size data in the store. A supervisor the various operational points in the group of
equipped with PPI, 1FF, and height finding ships forming the exercise was carefully measured
maintained surveillance over the detector- to serve as a basis for future improvements. NRL
tracker-analyzer group. For tactical use the data contributed to the analysis of the results of this
stored on targets were displayed as small dots in and other phases of the Cosmos project.
their relative plan-positions on four large
cathode-ray-tube consoles. Target data could be
displayed and arranged about the plan-position
of the target, and could be selected by target THE NAVY'S ELECTRONIC
number, any category, or any combination of DATA SYSTEM
categories. By using a control stick to align a The availability of the CDS target data-
circle with any target plan-position, the data on soaeadsicigeupetpoie
that target could be individually displayed. A valuable experience, with the use of electroni-
total of 91 symbols and 96 track numbers were calgertdsodndipay'aainn

avabletEctr-arnindaa suervio harlby air-defense system. However, its control-stick,
a deectr-tackr ad b a upevisr smilrly servo-driven potentiometer store and target

equipped. Three intercept controller positions display switching mechanisms were not suitable
equipped with PPI, 1FF, and height finding were for operational use due to bulkiness, mechanical
provided. The analyzer, supervisor, interceptor, difclestmpruesniivyadak
and tactical positions were provided with a small diictestmpruesniivyadlk

.. cde eadng ube onwhih idivdua taget of adequate data precision. NRL had devised

information could be displayed, with height drathlyingfuonsvsiths techniquesetre
presented more accurately in thousands of feet. dt-adigfntos sn hs ehius

To obtain satisfactory operation, the British NRL developed the Electronic Data System
equipment had to be modified with respect to (EDS), the Navy's first system employing elec-
such functions as target selection, display tronic means for the generation, storage, display,
switching, and polar to rectangular coordinate and utilization of target data and the automatic
conversion for strobe development in PPI interchange of such data between component
display. 10 Tactical and other display consoles ships of a task force (1953).12,13 This system was
had to be added. Radars, 1FF equipment, target the forerunner of the Naval Tactical Data System

posiionheiht dta imuator, ad oher (NTDS). It was installed on a number of destroy-
equiim-et at be ultos provided. ers and guided-missile ships and served the Fleet's

equimen ha to e povied.readiness until 1968, when it was replaced by the

PROJCT CSMOSNTDS. NRL installed a model of its EDS at its
PROJCT CSMOSChesapeake Bay site (195 3). Numerous demonstra-

To study information handling for command tions of the system were given to military and
purposes, the Bureau of Ships set up Project civilian officials of various levels to inform
Cosmos, placing contracts with the Bell Tele- them of the system's capabilities and unique
phone Laboratories and the RCA Corporation features. In 1955, with the approval of the De-
for various phases (1951-1956)." A feature of partment of Defense, the Navy established
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V I

THE NAVY'S FIRST TACTICAL ELECTRONIC DATA SYSTEM, THE EDS

The EDS, developed by NRL (1953), was the Navy's first system to employ electronic means for the generation, storage, display, and
utilization of target data and the automatic interchange of such data among the component ships of a task force. This system was the
forerunner of the Naval Tactical Data System (NTDS). The upper picture shows the command decision area, with detection and tracking
equipment at the sides and the automatic plotting board in the center. The lower picture shows on the left the EDS data link terminal
equipment (AN/SSA-21). The next unit provides for the common task-force track number and for selection of tracks for local display and
transmission. The third unit is an improvised CIC Officer's communications station. The fourth unit is the tactical display of memory data
for threat evaluation and command decision. The interceptor and fire-control-designation displays are not shown.

382

' 9.



ELE(TRONIC SYSTEMS INTE GRATION

Project Lamplight to seek solutions to problems projected the plan position of the target, as
involved in the Navy's role in continental air indicated by the moving dot. This technique
defense. The country's available qualified scien- reduced the number of position readjustments
tific talent was assembled to study the problems. and expedited the tracking operation. An oper-
In addition to other aspects of the study, NRL's ator could effectively track up to eight targets
data system was considered and favorably viewed, with this new technique, as compared with two
The final report of the Lamplight project stated targets possible under similar conditions with
that NRL's EDS met important Fleet require- the earlier nonelectronic method. With the EDS
ments regarding air defense and recommended rate-aiding circuitry, it was possible for the
its installation by the Navy (1955). The Navy first time to provide velocity data in electrical
procured 20 EDS equipments (Motorola), the form for use in determining aircraft interceptions.
first being installed on the destroyer USS WILLIS The data stored included track number, plan
A. LEE (DL--4) (1956). Subsequently, installa- position, velocity, height, size, and identity.
tions of the EDS were made on four radar picket Two operators took care of storing the height,
destroyers (1959), the USS CARRY (DD 81-), size, and identity information. Provision was
O'HARE (DD 889), CECIL (DD 855), and made for target designation for the air-intercept
STICKEL DD 838) of the Destroyer Division and gunfire-control functions. A supervisor
262, and on guided-missile ships of the CAG maintained surveillance over the data-handling
and CI. types, operations. The group of consoles involving these

An important EDS feature developed by functions was designated the AN SPA-26(XN-1).
NRL was a unique PPI target-position data- To provide a large-scale display of the stored
takeoff technique which provided rapid tactical data, NRL devised the first automatic
acquisition of targets and accurate plan- tactical target plotting board as a feature of
position data in target detection and tracking the EDS (1952). 10,11 This device greatly ac-
(1949). An electrically excited conducting- celerated the plotting of target tracks, as
glass plate overlay replaced the conventional compared with the previously used oral,
glass top of the PPI. Contact made with the grease-pencil method. With it, plots on the
plate's transparent conducting film by an edge-lighted plastic board could be made at the
operator using a pencil-like probe placed rate of one per second. The plotting board,
directly over a radar echo provided electric designated the AN/SPA-15, 5 by 5 feet in size,
potentials corresponding to the two rectan. was servo-driven, the marker being positioned
gular target-position coordinates. Accuracy by the electrical data in the memory,
was assured by NRL-developed retrace- The NRL-developed Electronic Data Sys-
insertion circuitry, which displayed a bright tem was the first data system to provide means
dot on the PPI screen controllable by the to exchange tactical data automatically
probe so as to coincide with the target echo. between the memories of component ships of
These electric potentials were stored by a com- a task force for rapid, coordinated action
pact "capacitor" memory with a capability of against air attack based on the possession of
storing data on 24 targets. As a new target common information.t6 Such exchange was
appeared, a detector-tracker operator stored its first accomplished with the EDS installations
plan position, continually revising the previously aboard four destroyers (DDR) of Destroyer
stored target data by rapidly running through Division 262 (1959). During trials at sea, the
the series stored, with each position displayed EDS data were successfully exchanged be.
in succession by a bright dot on the PPI. This tween ships out to ranges of 400 miles. The
operation generated stored velocity data. Auto- transmission system, designated the Model AN/
matie rate-aiding circuitry provided in the store SSA.21, utilized teletype format transmissions
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in the high-frequency band with a compact position of tactical targets (1953). This feature
message structure transmitting track number, is now used in great profusion in voltage regula-
target status, plan position, velocity, identity, tors wherever highly precise and stable voltage
height, and size. Means were provided for auto- is required. Information, as provided by radar,
maric conversion of the data between analog is in analog form, and it must also be in this
and teletype forms at both transmitting and form to display it on a PPI. To utilize digital
receiving terminals. Position data were related techniques in this connection, NRL devised
to a 1000-mile-square grid. Incoming target the first high-precision (0.1 percent) analog-
data Lould be displayed separately or jointly to-digital and digital-to-analog converters
with own-ship tracked targets. Orders and (1951) and the first high-speed converters

messages could be transmitted by the usual (1953) for digital data systems.1, °20 With the
relerype process. latter, a ten-bit word could be completely con-

verted in less than 20 microseconds. These
converters were termed ADCON (analog-

NAVAL TACTICAL DATA SYSTEM digital) and DACON (digital-analog), respec-

(NTDS) tively. NRL adapted its conducting-glass-probe

At the time the EDS was under development, technique, so that a PPI operator in tracking a

binary digital techniques had not yet attained target could generate target-position coordinates

practicality for operational use, so analog in binary digital form and insert the data in this

techniques were employed. However, the pro- form in the memory (1957).21 Provision was

spective versatility of binary digital techniques made for automatic digital switching to the next

with respect to storage, computation, selection, target of the series being tracked to accelerate

and display of data and its transmission via corn- the tracking operation. Velocity data were then

munication links made these techniques partic- generated automatically in digital form. NRL

ularly attractive. NRL had conducted a program also developed a technique for automatic target

to explore the capabilities of various approaches detection and determination of target-position

to the use of these techniques. Electronic com- coordinates in binary digital form ( 19 5 5 ).' This

puters were investigated with respect to the technique (MATALOC) involved conversion

processing of tactical data (1949).16 Techniques of digitized video data from polar to rectangular

were devised employing the magnetic-drum and coordinates, integration of the converted dig-

magnetic-core devices for the memory, switching, itized video data, and automatic determination i
selective scanning, and display of digitized of the center of the radar target to obtain the

information. NRL was one of the first to devise a coordinates. Means were also developed for the

digital memory comprising a series of rotating electronic generation of letters and numbers to
magnetic disks (1952).? Such devices formed the display target characteristic data. The alpha-

basis for certain electroniccomputer systems. NRL numeric data were arranged about and associated

conducted investigations of solid-state devices with the target plan position on the PPI ! 952).2
(diodes, transistors) to avoid the use of bulky To provide advanced capability for coordi-
vacuum tubes in large numbers and thus greatly nated effort by Naval task forces in air defense,
reduce the size and increase the reliability of NRL devised a binary-digital tactical data-
binary digital equipment (1949-1955).1s,1I9 ,2 transmission system for the interchange of

One unique feature of this work was the early pertinent data existing in the memories of
use of the "avalanche" effect in silicon diodes the several ships in company (1952).11 This
for the maintenance of precise, stable voltage system was capable of transmitting ship-
levels such as required in the PPI display of the position coordinates, target number, target
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THE FIRST HIGH-PRECISION ANALOG-TO-DIGITAL (ADCON) AND DIGITAL-TO-ANALOG (DACON)

CONVERTERS (1951); THE FIRST USE OF A LADDER DIGITAL NETWORK FOR ENCODING AND
DECODING CIRCUITRY (1951); THE FIRST MAGNETIC DISK TYPE DIGITAL MEMORY,

NOW WIDELY USED (1952)

NRL was the first to develop analog-to-digital and digital-to-analog converters having a precision of 0.01 percent. These converters

are necessary for displaying digital data on cathode-ray tubes of PPls and for processing of digital data taken from the analog

circuits of such tubes and of radars which are also analog. The rack right of center contains the converter. The magnetic-disk

digital memory is shown at the lower right.
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plan-position, identity, size, and height for of the system. NRL had responsibility for
100 targets. An experimental model was guidance of Collins Radio Corporation in
developed by NRL to demonstrate the capa- producing the ship data link equipment and
bility of transmitting and displaying such its evaluation. The HICAPCOM system merged

data. Transmission was over channels in the into the NTDS data link. Its high precision of
high-frequency band, with frequency multi- frequency control and its flexibility through
plexing to permit operation over circuits dis- the early use of frequency synthesizers was an
turbed by multipath, with- ranges out to 200 important factor in making the NTDS effective.
miles (1952). In 1955 the Bureau of Ships The features of the NTDS reflect the basic
placed a contract with Collins Radio Corpora- concepts of NRL's original work. NRL placed
tion for a tactical data-transmission system, the results of its work at the disposal of the
designated the HICAPCOM SYSTEM (High several contractors, engaging in many con-
Capacity Communication), with NRL providing ferences with them in furtherance of the
technical guidance of the contractor. This development. Since then, NRL has continued
system was based on the results of NRL's work to provide consulting services and technical
on data systems and also on high-precision assistance to the Naval Ship Systems Command
frequency control, single-sideband transmission, concerning aspects of the NTDS, such as inte-
multiplexing, and cipher generation, previously grated sensor processing and conversion equip-
covered in Chapter 3, "Radio Communication." ment, and evaluation of prototype hardware and
Models of this system were produced by the software. NRL has contributed to the automatic
contractor. Sea trials were conducted with in- signal data converter of the auto-tracking system,
stallations of the system aboard three of the four to the video signal-processing system which
destroyers forming Destroyer Division 61, the supplies automatic tracking and identity input
USS NOAH, USS MEREDITH, and USS for all friendly targets, to the conversion of
STRIBLING, to verify performance of the analog data to digital for the weapons interface,
system (1957). and to the processing of radar (SPS-48) data in

In 1956 the Navy proceeded to contract for a format suitable for input to the NTDS for
i operational equipment for a binary digital data automatic tracking (1966-1971).2 In 1961 the

system known as the Naval Tactical Data Sys- first NTDS service test ships, systems, and
tem (NTDS), which was used extensively through- operational programs went to sea. The first
out the Naval forces. The system processes data NTDS group of ships, comprising the USS
available from the various electronic sensors ORISKANY, the USS KING, and the USS
through the use of electronic computers and pro- MAHAN, were deployed in company in July
vides data in a form effective for use in carrying out 1962. Since then, additional installations were
command-and-control functions in the coordi- made as rapidly as possible in an effort to equip
nated conduct of the several modes of Naval war- all major combatant ships and most guided-

fare. Responsibility for the overall contract and missile destroyers. NTDS versions were adapted
production of the computer portion was placed to a variety of vessels, large and small.

with the Remington-Rand Corporation (UNIVAC
division of Sperry Rand Corporation). Collins Radio THE NAVY'S AIRBORNE TACTICAL
Corporation had responsibility for the ship data DATA SYSTEM (ATDS)
link, and Hughes Aircraft Corporation for the
data displays. The Naval Electronics Laboratory As previously stated,upon entering the postwar
was assigned responsibility for overall evaluation period the prospective threat of very large

386



ELECTRONIC SYSTEMS INTEGRATION

60834 (H-513)

THE NAVAL TACTrICAL D)ATA SYSTEM (NTDS)

Si luI 1v ' NRL I has nmtdcoantributions toi the elemnts ofthiis sy'stem, in dki ng inwlgrAtd sensor pnxekssing andco nversion

eqipmeinte. the .iromait sign.iI dataj ionverter of the .wro-trak king system. the videii signad-protcssing system. the conversioin

it .nailo g daui iii Aigica foI ir the wecipo ns intert~ice. the prikessi ng o data i nto ita forimat S1iiiAible fAto n iuit trat king, the es.i 
ticin of p~ri tityin hArdwirv ind software. .nd the transmission of data between tAsk forc~e ships Thu NTI)S iir- uord inatrio n And
threut UVAlUATii I ireCi 4.1oVe And the de tection and trac(king trvi be lo%) .iboam the nut~vlo~p wureil irrier t'SS F:NTF.R
P'RISE ire shown

387



ELECTRONIC SYSTEMS INTEGRATION

numbers of attacking aircraft operating at much demoostrate another valuable feature of the j
higher velocities in future warfare was visualized system, involving return transmissions from
as requiring the use of automatic means wherever the interceptor aircraft automatically via
possible, to relieve own personnel and to speed digital data link for instantaneous observa-
up operations in carrying out interception tions at the remote-control station of inter-
functions, if these were to be successfully accom- ceptor data, such as present heading, airspeed,
plished. From the airborne viewpoint intercep- and altitude for determining ability to com-
tion of enemy aircraft was considered largely a plete intercepts in target assignment (1958).
problem in the realm of the air. While powerful The Triangle system permitted quick determina-
shipl orne radars would provide long-range tion of whether an interception with selected
detecion and identity of targets, once the target paired aircraft was possible. Thus, the pairing
of attack came within the range of the fighter- of existing aircraft could he effectively and I
aircraft capability, interception was a task to be promptly carried out. Time-to-go to intercep-
accomplished through airborne means. After tion was continuously indicated to aid the pilot.
the war, consideration of this requirement for In NRL's device, two strobes were presented on
automatic operation led NRL to initiate a pro- a cathode-ray tube, one proceeding from the
gram, supported by the Bureau of Aeronautics interceptor's positiois, the other from the tar-
(later the Bureau of Weapons), to develop a get's position, which showed the present relative
system entitled the Automatic Aircraft Inter- course of- the target, the predicted intercept
ceptor Control System, AAICS (1948).'2 All aspects point, and the course the interceptor should fly
of the system were treated, including the collection point antercos The ieet of
and processing of target data aboard ship or AEW the strobes represented the ratio of the speeds
aircraft, its transmission to intercept aircraft, its the toesrcraft Th fato oa tomaspeeds
utilization aboard this aircraft, and repeat-back of the two aircraft. This factor was automatically
from the aircraft to ship or AEW ircaft pe i computed by multiplying electronically the speed

remote instantaneous observation of the action of of each aircraft by the time required for coinci-

the interceptor aircraft.2 New techniques were de- dence of the two strobes or the interception
vised; some have already been described, such as the point. Numerous interceptions were conducted
generation, storage and display of target data9 with an F4B interceptor aircraft equipped with

enerintoraige nd dpay of aet at a- the NRL Triangle system against available target
In introducing one phase of automatic opera- aircraft, using radar and data-processing equip-

tion, NRL was first to develop a system em- metlcedath R CespkeByie
ploying an electronic computer-type device ment located at the NRL Chesapeake Bay site
for replacing voice communications in (1958-1959). The Navy equipped four F4H-I and
carrying out the major function of" vectoring twelve F4G interceptor aircraft with the Trianglerintereptor aircraft in the acquisition of air- system and sent these to the Fleet for opera-

craft targets (1952)? o Designated the Triangle tional use.
system, its performance was first demonstrated About the time that the Bureau of Ships
in simple form with simulated targets at NRL's established the NTDS project, the Bureau of
Chesapeake Bay site (1952).NRL was also first Aeronautics initiated the Airborne Tactical
to demonstrate, in an aircraft-interception Data System project (1956). The ATDS provides
system, the transmission, automatically via data gathering, processing, display, control,
digital data link, of remotely acquired and and transmission facilities to serve airborne
processed data (as from ship or AEW aircraft) command and control functions.s1 It includes
to an interceptor for direct control of the the several airborne components, whereas the
interception of target aircraft aboard the NTDS includes related components that are
interceptor aircraft (1958). NRL was first to shipborne. The ATDS and NTDS have provision
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TRIANGLE SYSTEM, THE FIRST ELECTRONIC COMPUTER-TYPE DEVICE FOR VECTORING
INTERCEPTOR AIRCRAFT IN ACQUISITION OF AIRCRAFT TARGETS

The Trian.le system, developed by NRL I 1952), used two strobes drawn on the PPI. The angle between the strobes corresponded
to the cours. of the target and the course required to be flown by the interceptor for interception The lengths of the strobes
c¢orresponded to the product of the velocities of the respective aircraft and the time required for closing. The course of the inter-
ctptor anti the closing time were adjusted so that the tips of the strobes met in a point, with offset allowance being made for the
hnal intercept maneuver. A number of aircraft were equipped with the Triangle system and were sent to the Fleet for use

for the compatible interchange of tactical data (Hawkeye) aircraft. NRL developed the Rotodome
pertinent to airborne-ship functions. The earlier antenna, possessing low beam-pattern distortion,
AAICS program merged into that for the for the Model AN/APS.96 radar, specially designed
ATDS. NRL's continuing contributions to for this aircraft.
these programs, particularly those with re. NRL also developed the monopulse technique,
spect to AEW radar and to data handling and giving high angular accuracy and the instanta-
transmission, were essential to the satisfactory neous height-finding technique utilized in this
performance of the ATDS. The ATDS was used radar. To increase the angular accuracy of the
extensively by the Navy. To provide a suitable target-position data furnished by this radar,
AEWaircraft, a majorelementof ATDS, the Bureau NRL contributed its MATALOC automatic
of Aeronautics entered into a contract with Grum- digital antenna beam-splitting technique, which
man Aircraft Corporation for the type W2F-1 provided position coordinates in rectangular
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form with high accuracy. NRL developed the interest the Marine Corps in developing a data
conducting-glass-probe technique through which system to advance its operational capability.
target plan-position coordinates were obtained Lack of funds impeded subsequent action. How-
in digital form from PPIs, for the initiation of ever, sponsorship by the Office of Naval Research
automatic tracking and the display of selected of an effort in which NRL and Navy Depart-
targets in utilizing the data of this AEW radar. ment representatives participated resulted in
The data links for two-way transmission of the formulation of detailed requirements and
interception data between AEW and the inter- specifications for an electronic tactical data
ceptor aircraft and for data interchange with system to meet the command-and-control needs
the NTDS are also important components of of the Marine Corps. Based upon these require-
the ATDS. The development of the Navy's ments and the attending specifications, the Marine
AEW-interceptor data link for the ATDS. the Tactical Data System (MTDS) project was
AN/USC-2 (by Bell Telephone Laboratories) initiated (1957).s1,32 A contract was awarded the
evolved from NRL's early demonstration of Data System Division of Litton Systems by the
transmission via digital data link of interception Marine Corps office of the Bureau of Ships for
data for vectoring interceptors and return trans- procurement of equipment (1957).
mission to the control point for determining The MTDS is similar in basic philosophy to
capability to complete intercepts. The AN/USC-2 the NTDS and the ATDS. It differs principally
data link has been designated "NATO LINK-4." An- i i I
other data link for interchange of interception data in its transportable packaging, its capability for
between ATDS and NTDS has been designated quick installation, such as on beaches, and in

"NATO UNK-1I.1 NRL has provided extended its provision of communication netting most

guidance and consultative services to the several suitable for Marine Corps type of operations.

contractors engaged in the production of the ATDS The MTDS is compatible with the NTDS and

components. The Laboratory has also been involved the ATDS, with respect to the interchange of

in the evaluation of the performance of these compo- the tactical data necessary for the conduct of

nents. The type W2F-1 (Hawkeye) aircraft was Marine Corps operational functions. Since
redesignated the E-2A (1964), with modernization technical parameters and software variations
including a programmable computer. Further iam- exist between these systems, interfacing has
provements have been included in the type E-2B been provided where necessary. The MTDS
AEW aircraft (1969).The types of AEW aircraft, provides, as do the other two systems, opera-
the E-2A, E-2B, and E-2C, utilize the NRL- tion commanders with data pertinent to air
originated unique features incorporated earlier in defense, air-traffic control, weapon systems,
the type W2F-1 aircraft. These features included and force status, and to many other areas re-
the monopulse radar, rotodome antenna, and the quired in the operational environment. Carrier-
automatic antenna beam-splitting, conducting- based aircraft may be used by an MTDS land-
glass-probe target designation and data-link based control center to permit deployment in
techniques. close support of Marine Corps actions.

In addition to NRL's contributions to the
MTDS made during its formative period, the

MARINE TACTICAL DATA SYSTEM MTDS incorporates NRL's conducting-glass-

(MTDS) probe PPI plan-position data take-off tech-
nique for target selection and track initiation.

In 1953 NRL brought the results of its Elec- This technique has proven successful in opera-
tronic Tactical Data System program to the tional use, since it is both rapid and accurate.
attention of Marine Corps representatives, to The MTDS also uses data links similar to the
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j; 240-84

AIR TACTICAL DATA SYSTEM (ATDS) CIC ARRANGEMENT WITH ITS PPI DISPLAYS ON A TYPE
E2.C AIRCRAFT, THE LATEST VERSION OF THE E2.A AEW AIRCRAFT (1973)

The operator is shown using NRL's conductive-glass-probe PPI target-position take-off. Through its research, which began in
this tie-ld in 1948, NRL has contributed to important aspects of the ATDS. In addition to the probe take-off technique, NRL's
work included the mionopulse radar-, its aircraft rotodome antenna, the Automatic beam splitter, data link, and the Triangle

aiircraft interception system.

NRL data link previously described. For inter- and guidance to the contractor during the several
change of data with the MTDS, it uses NATO years of MTDS developmental effort. Develop-
LINK-IlI (U.S. designation, TADIL-A). For inter- mental models of one command center and two
change with the ATDS, it uses NATO LINK-I operational centers became available in 1962.
(U.S. designation, TADIL-C). For interchange be- This action was followed by procurement in
tureen surface units it uses NATO LINK- I (U.S. des- quantity, with the MTDS going operational in
ignation TADIL-B). NRL continued to provide 1967. Subsequently, it was utilized exten-
technical consultative services to the Bureau of Ships sively in Vietnam, one important feature being
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AVA

py

MARINE TACTICAL DATA SYSTEM

The MTDS Console operator of a mobile instal lation is shown belo)w usingt the NRL-orpginarcd conducting-sIass-probe PPI

target data-take-off device. This device is used for placing plan-position info3rmatiofl into the electronic memory, for updating the

ptsition in tracking, for associating other information with the target, and for selectively displaying information in the memnory.

The dearctor-tracking-control area is shown aboyve, and the operator using NRL's conductive-glass probe is shown below.
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Chapter 11

SATELLITE ELECTRONICS

INTRODUCTION Naval Research, NRL was offcially delegated the

NRL has been a pioneer in the development of responsibility of placing an artificial satellite with

satellites and satellite systems for scientific and a scientific experiment into orbit around the earth

operational objectives, and has conducted a long- (9 Sept. 1955).' The responsibility included the

term, continuing program in this field. In Chapter provision of the first U.S. satellite tracking

8, NRL's work in providing the first determina- system, to demonstrate that the satellite had

tion of the orbit of a manmade satellite (1957), actually attained orbit. Proposals for such a satel-

the first Russian satellite, Sputnik I, was de- lite system had been made by three organizations;

scribed. Chapter 3 reviewed NRL's work which NRL's proposal was the one which was accepted.

resulted in the world's first operational satellite- The project was named "Vanguard."

communication system (1959). The Laboratory's The acceptance of NRL's proposal was based on

further work to meet the satellite-communication the experience and successful results NRL had

requirements of the Navy was also described, obtained in the extensive use of rockets to deter-

Chapter 3 also reviewed NRL's work with NRL- mine the properties of the earth's upper atmo-

developed satellites to determine the feasibility sphere.2 This experience included the design and

of communicating with submerged submarines execution of scientific experiments, the develop-

with satellites transmitting on VLF (1961). ment of telemetry systems for transmitting real-time datalte tonmitn eath and thedeig6o1rckts

Chapter 8 stated that NR t was first to determine time data to earth, and the design of rockets.

the performance of a radio direction finder and Parts for almost 100 German V-2 rockets had

its site, including the effects of nearby mountains, been brought to this country after the war. The

using signals transmitted from an NRL-developed U.S. Army had undertaken the task of assembling
the rockets at White Sands, New Mexico, for re-

satellite (1966). In Chapter 9, NRL's success was
described in transferring standard time for t search and experimentation by governmentfirst time over long distances via communication agencies and universities. In taking advantage ofthis situation, NRL was first to use one of these
satellites, with a precision as high as one-tenth V.2 r an eqied i w t
microsecond. This first made possible highly, tion for probing he earths higher atmo-
precise synchronization of time functions on a sphee. On 28 June 1946, NRL launched a V2
worldwide basis (February 1970). rocket which carried to an altitude of 67 miles

a geiger-counter telescope to detect cosmic
PROJECT VANGUARD rays, pressure and temperature gages, a spec-

As a part of the scientific program for the Inter- trograph, and radio transmitters for telemetry
national Geophysical Year (1957-1958), through transmissions. During the following six years,
the coordinated efforts of the National Academy 63 V-2 rockets were launched at White Sands.
of Sciences, the National Science Foundation, They carried over 20 tons of scientific instru-
the Department of Defense, and the Office of ments to altitudes ranging usually between 50
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and 100 miles. Two-thirds of the flights were
successful.

When it became evident that the supply of V-2
rockets would be exhausted, NRL proceeded to
develop its own rocket, with the aid of a con-
tractor, the Glenn L Martin Company. NRL's
rocket, designated the "Viking," embodied
the successful, important innovations of a
gimbaled motor for steering and intermittent
gas jets for stabilizing the vehicle after the
main power cutoff (1949).3 These devices are
now extensively used in large, steerable
rockets and in space vehicles. The engine was
one of the first three large, liquid-propelled,
rocket-powered plants produced in the United
States. The Viking-I rocket, fired early in 1949,
attained a 50-mile altitude. The Viking-10, fired
early in 1954, provided the first measurement of
positive ion composition at an altitude of 136
miles. Viking- 11, fired in May 1954, rose to 158
miles, an all-time altitude record for a single-stage
rocket. A total of twelve Viking rockets were
launched. Through these Viking rocket firings,
NRL was first to measure temperature,
pressure, and winds in the upper atmosphere,
and electron density in the ionosphere, and to
record the ultraviolet spectra of the sun. NRL
also took the first high-altitude pictures of the
earth (1949-1954). During a launching over
New Mexico, a camera mounted in an NRL- _ .__._ ,
Viking rocket took the first picture of a hurri- . .
cane and a tropical storm, from an altitude as
high as 100 miles (5 Oct. 1954).4 The picture N VIKING ROCKET (1949-1954)

embraced an area more than 1000 miles in dia-
meter, including Mexico and the area from This rocket contained the important innovations of a gimbaled
Texas to Iowa. This was also the first natural- motor for steering and intermittent gas iets for stabilizing

color picture of earth from rocket altitudes. the vehicle after main power cutoff. These devices are now

NRL's high-altitude photographs of earth used extensively in large steerable rockets and in space

cloud cover led to the interest of the U.S. vehicles. The engine was one of the first three large liquid-
propelled rocket power plants produced in the United

Weather Bureau in high-altitude weather States. With the Viking rockets, NRL was first to measure
reconnaissance, which is now rmutinely accom- temperature, pressure, and wind in the upper atmosphere

plished with satellites. The data obtained are and to record the ultraviolet spectra of the sun. With one of

universally used in daily weather broadcasts. these rockets, NIL took the first high-altitude pictures

The success NRL achieved in the series of of the earth. NRLs success with these rockets led to NILs
Vanguard project. Shown is the Viking. I, launched in May

experiments cited encouraged Laboratory scien- 1954, which rose to 158 miles, an all.time altitude record
tists to believe that, with a more powerful engine for a single-stage rocket. It was also the heaviest Viking of

and the addition of upper stages, the Viking the series fired.
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FIRST HIGH-ALTITUDE PICTURE OF A HURRICANE IN A TROPICAL STORM (5 OCT. 1954)

This picture, taken from an altitude of 100 miles during an NRL Viking roket launching, embraces an area more than 1000

miles in diameter, including Mexico (left) and Texas to Iowa (right) The eye of the hurricane is shown in the bottom portion
Slight area) over the Gulf of Mexico. Note the position of the minor vortex in the upper left corner. The picture is a mosaic

assembled from individual frames of a movie camera carried by the rocket Although shown here in black and white, it is the first

successful natural-color picture from rocket altitudes NRL's high-altitude photographs of earth cloud cover initiated the interest

of the U.S Weather Bureau in high-altitude weather reconnaissance, now accomplished with satellites The data now obtained

are universally used in daily weather broadcasts

rocket could be made a vehicle capable of launch- complete satellite-launching facility, in-
ing an earth satellite. With much travail with re- stalling it at Cape Canaveral, with central
spect to funding, negotiations, design, construc- control at NRL (1957). Suitable means for ob-
tion, and testing, NRL, through the aid of a serving launchings underway were not avail.
contractor, developed a three-stage launching able, so NRL provided the first "down-range"
vehicle patterned after its Viking rocket for instrumentation for determining the perfor-
project Vanguard. This vehicle became an mance of multistage vehicles under launch,
important milestone, since it was the basis for where critic4l functions involved in attaining
the design of future launching vehicles, partic- orbir-had to be performed many hundreds of
ularly the reliable, present-day "Delta," miles from the launch pad. To provide means
which has had a remarkable record, having for determining the orbit of a satellite, NRL
placed into orbit the majority of the National developed the first satellite-tracking sys-
Aeronautics and Space Administration's tem, called "Minitrack" (1956).5 This system
communication, meteorological, and scientific evolved from NRL's work on phae-compari-
satellites, son and angle-tracking, and utiliaed a series

Since suitable teilite-launching facilities of fan-shaped, vertical antenna beams. The
were not available, NIL constructed the first system comprised a chain of stations extending
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THE FIRST SATELLITE TRACKING SYSTEM - "MINITRACK" (1956)

This system, developed by NRL to track the Vanguard Satellite, incorporated NRL's phase-comparison and angle-tracking tech-

niques and utilized a series of fan-shaped vertical antenna beams forming a "fence." The antennas are seen as rectangular-shaped

objects on the field. The system comprised a chain of stations extending from Blossom Point, Maryland. to Santiago. Chile, with

additional stations at San Diego, California, Australia, and South Africa, The data collected by these stations, telemetered from

the Vanguard Satellite, were transmitted to NRL's Control Center in Washington. Only the Blossom Point station is shown.
This station was also used in NRL's demonstration to prove the feasibility of tracking nonradiating satellites, which led to
NRL's development of the existing U.S. Naval Space Surveillance System (WS-4 34)

from Blossom Point, Maryland, to Santiago, miles, perigee 354 nautical miles, period 133.8

Chile, and other stations at San Diego, California, minutes, nclination 34.2 degrees, as of July
Australia, and South Africa, which collected the 1973). The Vanguard satellite is a 6.4-inch, 3-1/2-
data telemetered from the satellite and trans- pound sphere which transmitted a signal on 108

mitted it to the NRL control center in Washing- MHz until it became silent in May 1964; the
ton. duration of its transmission was the longest at that

NRL placed the satellite, Vanguard-I, into time of any satellite. NRL's Vanguard-I was the
orbit on 17 Mar. 1958.6 While not the first first satellite to use solar cells as an electrical
satellite launched, Vanguard-I reached the power source. These have become common-
greatest distance into space from earth of any place components of modern satellites. Proba-
manmade vehicle at that time (apogee 2466 bly the most noteworthy of Vanguard's many
miles, perigee 404 miles). Vanguard-I is still maior contributions to knowledge was the dis-
in orbit, the longest in orbit of any man- covery of the "pear shape" of the earth. Vanguard
made satellite to date. Its orbit has been par- provided extensive observations and measure-
ticularly stable (present apogee 2120 nautical ments of air-density variations associated with
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NRL'S VANGUARD-I SATELLITE

This NRL-developed satellite, launched in March 1958, - .

has been the longest in earth orbit of any man-made object,
It is still in orbit. With it the -pear shape" of the earth was

discovered. It was the first satellite to use solar cells for

electrical power; olar cells are now generally used in
satellites. Dr. J. P. Hagen. director of the Vanguard project,
is shown below holding a model of the satellite. On the right
is shown the satellite launching from Cape Canaveral. The

satellite-launching facility shown was the first complete
facility for launching satellites.
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solar activity and the first quantitative data on ism utilized a metal ribbon, wound on a spool,
how solar radiation pressure affects a satellite or- which could be extended and retracted through
bit. remote control from a ground station. To provide

Vanguard-li, launched on 17 Feb. 1959, rigidity when the antenna was extended, the rib-
was the first satellite designed to observe and bon was prestressed to provide tension, which
record the cloud cover of the earth and was a caused it to curl up to form a tube as it was un-
forerunner of the television infrared obser- wound from the spool.
vation satellites (TIROS). It was also the first With the metal ribbon antenna mechanism,
full-scale Vanguard (20-inch-diameter sphere, 21 NRL pioneered the gravity-gradient sys-
pounds) to achieve orbit. Vanguard-Ill, placed in tern for stabilizing the attitude of satellites
orbit on 18 Sept. 1959, was a 20-inch sphere with respect to earth (1964). This system was
weighing 50 pounds. Both Vanguard I1 and III are widely used in satellites. NRL incorporated this
still in orbit. The scientific experiments which system first in its Gravity Gradient Stabilization
were flown on the Vanguard satellites increased Experiment-I (GGSE-1) satellite, launched IIJan.
the amount of scientific knowledge of space and 1964. The stabilizing mechanism comprised a mag-
opened the way for more sophisticated experi- netically anchored damper attached to the end of
ments. the metal ribbon formed into a tube. When this

When the National Aeronautics and Space boom-like device was extended, the mechanical os-
Administration (NASA) was established on 29 cillations incurred by the satellite system were grad-
July 1958, the NRL Vanguard group, a total of ually stopped by the damper. If the satellite assumed
approximately 200 scientists and engineers be- an inverted position with respect to earth, the boom
came the core of its space-flight activities. The was retracted and again extended when the satellite
group remained housed at NRL until the new rotated to the correct position. Satellite GGSE-1
facilities at the Goddard Space Flight Center at was stabilized in pitch and roll, but not in yaw.
Beltsville, Maryland, became available in NRL was first to make satellite orbital
September 1960. "station-keeping" with micropound thrusters

feasible. NRL's system, first used in NRL's
satellite GGSE-3, launched 9 Mar. 1965, hasSATELLITE DEVELOPMENT subsequently been used in many satellites and

When NRL's Vanguard staff was transferred to space vehicles. The thrusters are electrically
the cognizance of NASA in 1958, sufficient per- heated to provide long-life impulse capability in
sonnel with satellite expertise remained at the the use of thb ammonia gas supply.
Laboratory to establish a satellite-development NRL was first to provide stabilization of a
activity, which grew to substantial size and capa- satellite in all three axes-pitch, roll, and yaw.
bility. Through its own satellite-development This system was first used in NRL's satellite
activity, NRL has developed for scientific and GGSE-3. It was used in certain subsequent
operational purposes 64 satellites (1958-1974). satellites. While this stabilization system in-
NRL has also provided support in launching volves the use of three booms, each with a
these satellites and in the determination of damper, it has the advantage of requiring no
their orbits. Furthermore, it has developed electrical power, which would otherwise be
techniques to enhance the operational perfor- needed.
mance of satellites. NRL was first to incorporate In its first observations of solar radiation with
in a satellite means to extend and retract long a satellite (Solrad-l), NRL used a spin-stabilized
antennas for VLF operation. These antennas satellite without gyroscopic precession control.
were first installed in the Lofti-I (1961) and Therefore, sensors to determine radiation from
Lofti-ll'1963) satellites.? The antenna mechan- the sun would go out of the sun's view due to
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75204

FIRST GRAVITY-GRADIENT-SATELLITE ATTITUDE-STABILIZATION SYSTEM

NRL pioneered this first system for stabilizing the attitude of satellites with respect to earth. First incorporated in NRL's satellite GGSE- 1,
launched II Jan. 1964, the system was subsequently used widely in satellites, The mechanism comprises a magnetically anchored damper
attached to the end of a boom extending from the satellite. The damper, shown on the left, uses a magnetic element (A) held suspended in a
spherical copper shell (B) by means of the diamagnetic shell (C) which magnetically repels element A. Shell C passes the earth's magnetic
field so that A, which is free to turn, can align itself with this field. As the satellite and its boom swing, the movement of shell B in the
magnetic field of element A induces electrical currents in B. causing corresponding losses which dampen the oscillations of the satellite. The
boom is formed by a prestressed beryllium-copper ribbon, which curls up into a rigid tube (pointing upward in the photograph to the right)
as it is extended by the mechanism.

precession until the satellite was again in proper The advancement of NRL's solar-radiation
viewing position. This lack of precession control program required the use of a larger number of

severely limited observations time. To increase solar sensors than could be accommodated with
solar observation time, NRL devised the first the arrangement previously described. To provide
satellite gas thrusters, which automatically proper viewing of the sun by these sensors, NRL-
provided millipound pulses for a fraction of devised a system of precession control which
each revolution of the satellite to orient its ,utilized millipound thrusters. This system
spin axis so that it was held perpendicular to stabilized a satellite with respect to gyroscopic
the sun (1965). Thus, the solar sensor could precession, with the spin axis pointing directly
continue to observe the sun on each rotation toward the sun (1971). With this system, the
of the satellite. The observation time was de- solar sensors could be positioned about the
pendent upon etb, 6.amwidth of the sensor. satellite so that they would continuously view
NQL'a '--:apound as thrusters used ammonia the sun while the satellite was spinning, except
and were first used in the Solrad-8 satellite, when the path was obscured by the earth. Further-

launched 19 Nov. 1965.9 Gas thrusters are used in more, the data from the solar-radiation sensors

this type of satellite control. could be stored and sampled at a rate entirely
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77270 (5)

FIRST SATELLITE ORBITAL "STATION-KEEPING" WITH MICROPOUND THRUSTERS
NRL was first to make satellite orbital "station-keeping" with micropound thrusters feasible. This system, first incorporated in
NRL's satellite GGSE-3, launched 9 Mar. 1965, has been used in many satellites and space vehicles. Shown is an actual size model
of the first micropound thrusters with the gas supply containers (center) and two thrusters to right and left.

independent of the satellite spin rate. This system one of the satellites for the first dual satellite
was first used in the Solrad-10 satellite, launched launching. In 1961, it provided a satellite for
8 July 1971.' the first trio satellite launching. NRL also

Satellites had previously depended upon real- developed all the satellites and the supportstructures to interface with the standard
time telemetry; therefore solar x-ray monitoring launch vehicles for the first launchings of four

and similar types of data collection could be con-

ducted only at those times when the satellite satellites at one time with one launch vehicle

was within range of a telemetry ground station. (1962), five satellites (1963), six satellites

NRL was first to provide a satellite data system (1965), seven satellites (1967), and nine atel-

in which information, such as solar-radiation lites (1969).

data, is collected and stored in an electronic NRL was also first to develop a satellite-
digital memory during an entire orbit of the stabilization system which was stabilized in
earth and is transmitted to a ground station all three a yes-pitch, roll and yaw-using a

when the satellite is within range of the station single boom with damper and a motor-driven

(1965). NRL first incorporated this system into rotating flywheel (1969). The energy required

its satellite Solrad8, launched 19 Nov. 1965. to drive the motor is so lo,. -at it is easily sup-
NRL's system continues to he used in satellite plied by the solar cells of the satellite''tm; s;-,-
data collection. ten of stabilization has seen considerable use.

NRL has pioneered in multiple satellite It was first used in an NRL satellite launched
launchings. In 1960, the Laboratory provided 30 Sept. 1969.
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SOLRAD measurement of ultraviolet and x-ray emission
during a solar flare. NRL discovered that x-ray
emission, rather than ultraviolet, is the vari-

During NRL's early investigations of the propa- able solar component which causes radio
gation of high-frequency transmissions via the fadeout (1956)."'
ionosphere, reviewed in Chapter 3, it was evident While rockets served to provide solar-radiation
that radiations from the sun had major influence data to determine its effects on the transmission
on the ionosphere's radio-transmission character- characteristics of the ionosphere, the transient
istics. Knowledge of these characteristics, particu- nature of this method of collecting data made it
larly those which attend serious transmission impractical to provide the continuous solar ob-
disturbances, were essential to the operational relia- servations needed to serve Naval requirements,
bility of radio communication and other over-the- Satellites possessed this potential. When satel-
horizon electronic systems. Such knowledge permits lites became available, NRL developed the first
predictions of usable frequency channels relative to satellite, Solrad-l, incorporating observation
time of day and distance and forewarning of radio equipment which first successfully monitored
circuit blackouts. NR L's early theoretical considera- solar x-r., and Lyman-Alpha radiation (June
tions indicated that the sun's ultraviolet radiation 1960).' 2'
produced electron and ion densities in the upper Since the Solrad-l ¢atellite was launched,
atmosphere which were in agreement with the NRL has developed and successfully placed
densities inferred from experimentally acquired into orbit a total of eight Solrad satellites.
propagation data ( 928).0 Further considerations These satellites have incorporated successively
indicated that the x-ray component of the solar improved means of satellite solar orientation,
radiation was a major factor in the ionization data collection, and means to transmit these
process occurring in the ionosphere (1938)." data to NRL's ground data collection site. The
It was thought that the generation of x-ray radia- improved stabilization and data-collection
tion in solar flares was responsible for radio trans- instrumentation of these satellites provided
missions suddenly being disrupted. However, no data of successively greater wavelength range
experimental data on radiations from the sun to and dynamic senstivity range, making possible
confirm the cause of the phenomena were avail- more extensive and thorough analysis of solar
able, since the pertinent radiations were absorbed radiation for operational use. Solrad-!0,
in the earth's atmosphere. Thus measurements launched 8 July 1971, is still in orbit, and is
had to be made at high altitude. still providing useful operation data.'3

It was not until the German V-2 rockets be- NRL was first to use a single-channel photo-
came available that experimental data could be multiplier for recording extreme ultraviolet
obtained. These rockets made it possible for NRL radiation from the sun and for imaging the sun
to initiate an extensive program to determine the from a satellite (1965). NRL's photomultiplier
nature and effects of radiation from the sun, equipment was installed in the NASA satellite
particularly its impact on radio communication OSO-2 for this work. NRL also used television
(Solrad)." NRL used the V-2 rockets to make for the first time to observe solar radiation
first observations of the far-ultraviolet spec- from a satellite (1971).14 This equipment was
trum of the sun (1946).11"1 In its subsequent first installed in the NASA satellite OSO-7.
rocket research, NRL discovered solar x-ray This work was followed by NRL's 'XUV moni-
emission and its role in the production of the tor," which, operating in Skylab, produced, by TV
ionosphere (1948).12b The Laboratory made the images of the sun, data in the extreme ultra-
first direct observation of solar Lyman-Alpha violet. Images of the sun in x-rays and extreme
radiation and its influence on the ionospheric ultraviolet are important, because they show that
D-region (1949)."r It also made the first these emissions arise from highly localized
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SSKIN THERMISTOR

SKINN THERMISTOR

TURNSTILE TELEMETRY
ANTENNA

X-RAY DETECTOR
BEHIND MAGNET

MOUNTING FLANGE
~60834 (H-5191

SOLRAD-I SATELLITE (1960) - FIRST SUCCESSFUL MONITORING OF SOLAR X-RAY
AND LYMAN-ALPHA RADIATION BY A SATELLITE

Since the NRL-developed satellite Solrad-I was launched, NRL has developed and placed in orbit a total of eight Solrad Sat-
ellites with successively advanced means of orientation toward the sun, solar-radiation data collection, and data transmission to
earth. The data are processed, converted into operationally useful message formats, and transmitted to many users concerned with
radio communication and other solar-forecast functions.

regions, which are related to solar flare pro- Blossom Point, Maryland, where they are
duction and to earth ionospheric disturbances. relayed by dataphone to the Solrad Data
While this fact was known from NRL's earlier Operations Center at NRL's main site in Wash-
photographic work with rockets, only with photo- ington. The telemetry data are then converted
electric detection and TV transmission from a into operationally useful message formats and
satellite could the changing character of the sun transmitted to many users. For example, Naval
be studied from day to day. Communications Command has utilized the

NR.'s Solrad work is recognized by the data in formulations of Naval alerts to all
Navy and by the Department of Defense as communicators. Outside the Navy, Solrad
an example of space science effort which has data are furnished on a routine basis to the
genuine operational utility. Unlike other Environmental Services Space Disturbance
satellites that have multipurpose space func- Forecast Center at Boulder, Colorado, and the
dons, Sofrad's principal mission is to monitor U.S. Air Force Air Weather Service."'
all aspects of the sun's activity. Telemetered NRL has underway the development of two
data frdm the satellite are received at the NRL Solrad monitoring satellites, Solrad- II A and 118,
Tracking and Data Acquisition Facility at for future placement in a 65,000-nautical-mile
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SOLRAD.8 SATELLITE

Two unique features, first devised by NRL, were embodied in the Solrad-8 satellite (1965). One feature involved the hrst gas
thrusters which automatically provided millipound pulses for a fraction of each revolution of the satellite, to orient its spin
axis. This feature allowed Solrad-8 to maintain an orientation with respect to the sun such that its radiation could be observed
without considerable loss in observation time due to precession of the satellite. Ammonia gas was used. Another feature was the
first satellite data sytem with which information, such as solar-radiation data, is collected and stored in an electronic digital
memory during an entire orbit of the earth and transmitted to a ground station, when the satellite is within range of the station
Both features, the gas thrusters and the data-collection system, continue to be used in modern satellites.
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orbit. At this altitude, continuous coverage of employed in the satellite. This crystal oscillator
solar activity will make real-time continuous had a stability of one part in 1011 per day. During
acquisition and transmission of solar data to the investigations of the frequency stability of the
single existing ground station with daily solar oscillator in orbit, NRL was first to observe
forecasts a reality, that a change in frequency of a quartz crystal

occurs when it is subjected to high-energy pro-
TIMATION SATELLITE ton radiation, present in the radiation belt

around the earth (1968).i? This effect, which
By 1964, the accuracy of electronic time- lowers the frequency as compared with the in-

keeping devices had advanced to such a degree crease in frequency normally occurring with
that the range between two objects could be inea- crystal aging, was confirmed through laboratory
sured by radio transmissions from one to the inetgiosInheaelteytmhsef-

othr it anacurcy ccptblefo ortiepecl quency changes are compensated for through the
navigation purposes. By using stable tieics use of remote control of the oscillator circuit
at each location, the time that a signal is received fo rud
could be compared to the known time it was sent For navigation, the Timation satellite system
to obtain the transit time. The distance between has an accuracy adequate for Naval operational
the objects could then be obtaiuned from the purposes. For transfer of time epoch and time in-
transit time and the velocity of propagation of tra rmoeerhpsto oaohr h
radio waves. If a stable timing device is located accuracy is better than one microsecond.
in a satellite, and if another is located at a navi- NRL's research has demonstrated that it is
gator's position on the surface of the earth, the feasible to obtain position-fixing accuracies
constant-distance sphere centered at the satellite measured in tens of feet or better in a satellite
cuts the earth's surface on a circle through the navigation system"i The Laboratory, seeking to
navigator's position. If the satellite moves to a provide a capability to meet the requirements of
new position, or if two satellites are in view, the the several military services of the Department of
earth's surface is cut by two circles, which provide Defense in a single satellite navigation-time sys-
two possible fixes. Since these fixes are a great tern, is currently developing another Timation
distance apart, no problem exists in resolving satellite, which is scheduled for launching in the
ambiguity to obtain the correct position. Further- near future.
more, by modulating the satellite transmissions,
controlled by its precise timing source, precise
time epoch and time interval can be made U.S. NAVAL SPACE SURVEILLANCE
available at locations on the earth's surface.SYTM( -4)

Nil was first to demonstrate the feasibility SYTM( -4)
of a satellite navigation system using radio By 1958, it became apparent that in the future
transmission transit time to obtain positions on the United States would have to contend with
the earth's surface. it was also first to provide a large numbers of earth-orbiting satellites, its
high-precision clock in a satellite which made own and those launched by other nations as well,
available both time epoch and time interval and that a system of detecting, tracking, and clas-
at points on the surface of the earth. This was sifying these satellites would have to be devised.
successfully accomplished with Nil's Tima- Moreover, space would become cluttered with
tion satellite, launched on 31 May 1967, parts of launching vehicles and other space
transmitting at 400 MHL'6 To provide the debris, which also would have to be identified
necessary high precision of frequency and time, and followed. Knowledge of the existence and
an osckliator with a temperature-control led, position of orbiting objects would be necessary
fifth-overtone, 5-MHz AT-cut quartz crystal was if the requirements of national security and the
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TIM ATION SATELLITE

With this satellite, launched 31 May 1967, NRL was first to demonstrate the feasibility of a&satellite navigation system using radio
trawminssion transit tame to obtain positions on the earth's surface. This satellite also was first to provide a high-precision clock
in a satellite which made available both time epoch and time interval at points on the surface of the earth. The satellite is shown
mounted on the side of its launching vehicle.

*placement of future satellites and space vehicles Blossom Point, Maryland, for reception. The sig-
in proper noninterfering orbits and other needs nals reflected by the Russian satellite Sputnik
were to be satisfactorily met. Many satellites and ( 195 7 Beta) were the first observed by the system.
the space debris would be nonradiating, so a The transmitter (50 kW, 108 MHz). operating
system, such as Nil's Minitrack system, re- into a SO-foot parabolic antenna sAd located at
quiring radiation from objects tracked, would Fort Monmouth, New Jersey, was provided by the
not suffice. Army Signal Corps Engineering Laboratories.

NRL was first to demonstrate the feasibility Based on the results obtained from this work, the
of a detection and tracking system for earth- Laboratory proposed a satellite-surveillance
orbiting nonradiating satellites (1958)"1 The system for the United States.
system utilized a ground-located, continuous- NRL was responsible for the development
wave tran~smitter to illuminate the orbiting object of the world's first system to detect and track
and Nil's Vanguard Minitrack Tracking Station, all types of earth-orbiting satellites, space
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vehicles, and other orbital objects (1958). In The system as it evolved at first comprised
view of the satisfactory results it obtained in an eastern complex and western complex, and
its experimental satellite observations and its eventually a midcontinental transmitter. All these
experience with the Minitrack system, NRL are located on a great circle at 33.5 degrees north.
was requested by the Advanced Research Pro- passing across the southern part of the country
ject Agency (ARPA) of the Department of from Georgia to California. Each complex in-
Defense on 20June, 1958, to develop and oper- cludes a centrally located transmitter site and re-
ate this space-surveillance system for the ceiver sites approximately 250 miles to the east
United States. 20 Many of the principles and and west of the transmitter site. The transmitter
techniques devised by NRL for the Minitrack sites are located at Jordan Lake, Alabama; Kick-
system were embodied in the new system. apoo Lake, Texas; and Gila River, Arizona. The

U.S. SPACE SURVEILLANCE SYSTEM %SPASUR)

This system, developed by NRL as an outgrowth of the Vanguard Program, spans the continent on a great circle at 33.5* north. It is the U.S.
system for the detection and tracking of all types of earth-orbiting satellites and debris. Shown is the station at Ft. Stewart. Mississippi, one of
the receiving stations of the eastern complex of the system which became operational 29 July 1958. The sharp vertical beam antennas
mounted on the ground are seen as rectangular shaped ob*ts. The related transmitting station is at Jordan Lake, Alabama.
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Kickapoo Lake transmitter spans the United tained from the several receiving stations of the
States for all space objects of sufficient altitude, system have made necessary the transfer of this
The other two transmitters cover the very low information via land line to a central processing
altitudes. The receiver sites are located at Ft. site. The information to be sent consists of inter-
Stewart, Georgia, Hawkinsville, Georgia; Silver ferometer phase channels, analog data, and admin-
Lake, Mississippi; Red River, Arkansas; Elephant istrative functions. Since most of the data to be
Butte, New Mexico; and San Diego, California. transferred comprises phase information, phase-
The transmitters are of the continuous-wave type, modulation transmission to duplicate the primary
with 50 kW power output capability for the data at the central processing site is used. The
Jordan Lake and Gila River installations and telemetry which has evolved is a frequency-
I MW for the Kickapoo Lake installation. The division multiplex system comprising phase.
transmitting antennas are of the fan type, with Co- modulated and reference subcarriers. Information
planar antenna beams, wide in the east-west plane signals phase modulate the data subcarriers
and very narrow in the north-south plane. The with respect to the reference subcarriers. Cor-
Jordan Lake and Gila River antennas are respec- relation techniques are used at the central
tively 1100 feet and 1200 feet long, whereas the processing site both to derive a reference time
antenna at Kickapoo Lake, the central, high-power base phase locked to the remote sites and to
site, extends a distance of two miles. This long retrieve the information signals. The data-
antenna at the Kickapoo Lake site has a north- processing and control center is located at Dahl-
south beamwidth of 1.5 minutes and an east-west gren, Virginia, where an IBM "090 computer
beamwidth of 120 degrees. It produces the extra- computes the longitudinal position and altitude
ordinarily high effective radiated beam power of of objects as they pass through the "fence."
13.6 billion watts. The antenna beam of the Kick- The first portion of the system, involving the
apoo Lake station overlaps the beams of the other stations at Fort Stewart and Jordan Lake, was
two transmitting station antennas, to provide com- placed into operation on 29.July 1958, less than
plete east-west continental coverage. The re- six weeks after NRL was designated by ARPA to
ceiving sites have two sets of antennas, with fan- proceed with the system. The Silver Lake station
type coplanar beams, and extend from 1200 to became operational in November 1958, and the
4800 feet in length. One set provides an alert, Western Complex in February 1959. The high-
detecting the presence of a satellite slightly power, central transmitting station at Kickapoo
before it comes within range of the second set. Lake was placed into operation in June 1961.
The second set of antennas provides for the deter- The system was first operated on 108 MHz, the
mination of the look-angle of the satellite with same frequency used for the Minitrack system.
respect to the zenith and its height through phase- Since this was only a temporary frequency assign-
difference measurements and interstation tri- ment, the system was changed over to the per-
angulation. manently assigned frequency of 216 MHz during

In operation, the transmitters of the system the period 1965 to 1967.
illuminate the satellites and other objects, and After completing the development of
the reflected radio-frequency signals detected at the Space Surveillance System (WS-434),
each receiving site are processed in a radio- NRL was responsible for its operation. The
interferometer system to produce phase- Laboratory was relieved of this responsibility
modulated carriers. The radio interferometer when the Secretary of the Navy established the
utilized in the system measures the angular posi- U.S. Naval Space Surveillance Facility
tion of the radio signal source by measuring the (NAVSPASUR) at Dahlgren, Virginia, on
difference in radio signal path lengths from the 19 Apr. 1960.21 However, the Laboratory has
objects reflecting the signal to each of a number of continued to provide scientific improvements
paired antennas. The large amounts of data ob- to the system3'
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.... 4 4107

NAVSPASITR OPERATION CENTER DATA RE(ORDIN( ARFA. I)AHI.GRFN, VIRGINIA

The NRL-developed U.S. Space Surveillance System (SPASUR, WS-434) incluiee. the data-recording equipment located at the Navspasur
Operations Center, Dahlgren, Virginia. as shown above This system detects and tracks all types of earth-orbiting satellites, space vehicles.
and other orbital objects. The receivers of the data from the four tracking stations are shown in the background. The operators concerned
with processing of the data are seen at their consoles in the foreground A completely automatic data-assembly system involving an
electronic computer was developed and installed later by NRL. NRL was responsible for the development and operation of the complete
NAVSPUR system, including the equipment shown, until 19 April 1960. when it was relieved of its responsibility for the operation of the
system with the establishment of the "U.S. Naval Space Surveillance Facility (NAVSPASUR)' at Dahlgren, Virginia, by the Secretary of the
Navy. However, NRL has continued to provide scientific improvements to tht ssrcm

The WS-434 served an important function in the loads and 1 1O0 are last-stage rockets and
North American Air Defense Command's Space miscellaneous debris. A total of 680M earth-
Detection and Tracking System known as orbiting objects have been cataloged by I
SPADATS. NAVSPASUR and other space-surveillance

WS-434 makes over 6X0,0(X) single-station sensors since the advent of the Russian satellite
observations per month on over 1900 different Sputnik-I in 1957.
earth-orbiting objects, of which 500 are pay- For crtin sticntiti( work, the orbital aI curaty
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requirements are much higher than that needed 11. E. 0. Hulburt, -'Photoelectric Ionization in the Ionciaphere,"

for cataloging. NR. has been acting as an inter- Phys. Re., se 1938, pp. 344-0 1
mediry o frnih hgh-ccuacydat onorbtal 12. R. Tousey, "Highslighsts of Twenty Years of Optical Space Re-
mediry o frnih hgh-ccuacydat onorbtal search," ApI. Opt., Vol. 4i Dec. 1967. pp. 2044-2077; see the

elements to world scientists needed in their foiiowingrsefesences in Tosvy:
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Aleutian Islands. 2031. 260. 282. 303 AN/APN-99 aircraft navigator. 290
Alesandersoin. E. F. W.. I I AN/APN-122 aircraft navigator. 278
Aletiandria, Va.. 171 AN/APN-141 altimeter. 276
Alidade. mechanical. 312 AN/APN-153 aircraft navigator. 279
All-Weather Carrier Landing System. 280 AN/APN-171 altimeter. 276
Alternating-current powered receivers, 156 AN/APN-187 aircraft navigator. 279
Alternator. HF transmitter. ID-IlI ANIAPN- 190 aircraft navigator. 279
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AN/APN- 194 altimeter. 276 AN/BPA-I direction finder, 319. 320
AN/APN-200 aircraft navigator. 279 AN/BRA-t10 communications buoy. 9
AN/APQ-33(XB) jammer, 333 AN/DRA-27 communications buoy. 89-90
AN/APQ-35 radar. 198. 205 AN/BRN-4 receiver. 284
AN/APQ-36 radar. 198. 205 AN/CPN-6 beacon, 260
AN/APQ-41 radar. 198 AN/CPX-2 transponder. 256
AN/APQ-42 radar. 198 AN/CRT sono-radio buoy, 111- 113
AN/APQ-43 radar, 198 Anderson, ADM George W., 12 1.
AN/APQ-47 radar. 198 See a/ia Chief of Naval Operatin
AN/A PQ-50 radar, 198. 205-206 AN/DPN-3 'transmirrer, 238
AN/APQ-5 I radar. 205 AN/DPN-7 transmitter, 239
AN/APQ-59 radar. 198 AN/DPW-2 receiver-decoder-beacon. 240 .
AN/APQ-72 radar. 198, 205-206 AN/FLR-7 recorder. 328
AN/APQ-83 radar. 205 AN/FPQ-6 radar, 246
AN/APQ-94 radar. 205 AN/FPS-7 radar, 190
AN/APQ- 100 radar. 198. 206 AN/FPS-16 radar, 246
AN/APQ-124 radar. 205 - AN/FRA-49 antenna multicoupler. 85
AN/APS-2 radar. 201 AN/FRM-3 frequency monitor. 554
AN/APS-3 radar. 203 AN/FSH-1 recorder. 328-329
AN/APS-4 radar. 203-205 AN/FSH-5 recorder. 328-329
AN/APS-6 radar. 204-205 AN/FSH-6 recorder. 330-331
AN/APS-17 radar. 209 AN/FSM.-5 rime transmitter. 3%6-6
AN/APSIS1 airborne radar-link transmitter. 208. 232 AN/GRC-27 transceiver, 101
AN/APS-19 radar. 205 AN/GRD-6 direction finder. 310-311
AN/APS-20 radar-link system. 208. 212 Angular accuracy, enhancing. 198-201, 209
AN/APS.20B radar, 209 AN/GYK-3(V) digital counter, 314
AN/APS-20E radar. 209 AN/MPQ-5 radar. 238
AN/APS-21 radar, 205 AN/MPS-25 radar. 246
AN/APS-25 radar, 198 AN/MSC-58 mobile SATCOM terminal, 123
AN/APS-28 radar. 198. 205 ANNAPOLIS. LISS, 85
AN/APS-38 radar. 212 Annapolis naval radio station (NSS). 5. 9. 31. 46. 67. 85. 117.
AN/APS-44 radar. 212 137-138. 140, 144-145. 147-148. 152. 227, VA.

4 
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AN/APS-67 radar. 198. 205 AN/SLA-I signal analyzer. 325-326
AN/APS-70 radar. 209-2 10 AN/SLA-l10 blanking system, 324
AN/APS-8O radar. 212-213 AN/SLQ-I0 jammer, 333
AN/APS-12 radar. 209 AN/SLQ-12 jammer, 333
ANIAPS-147 radar. 209 . AN/SLR-12 direction finder. 322-323
AN/APS-96 radar, 209-212, 591 - . AN/SPA-4 plan-position indicator. 194
A N/A PS- IlIl radar, 212 AN/SPA-8 plan-pnsition indicator. 193. 195
AN/APS- 116 radar. 212 AN/SPA-9 plan-position indicator. 195
AN/APS-120 radar. 212 AN/SPA-IS plotting board. W8
AN/APW-4 guidance receiver. 238 AN/SPA-25 plan-position indicator, 195
AN/APW-19 command-guidance system. 243 AN/SPA-26 console. W8
AN/APW-3.1 radar beacon, 241 AN/SPA-33 plan-position indicator, 195
AN/APX-I transponder. 255 AN/SPA-34 plan-position indicomr, 195
AN/APX-6 transponder. 256 AN/SPA-59 plan position indicator. 195
AN/ARC-I transceiver. 98--99 AN/SPA-66 plan-position indicator. 195
AN/ARC- 13 transceiver. 104 AN/SPG-48 radar, 198
AN/ARC- 19 transceiver, 10 1- 102 AN/SPG-49 radar. 200-201
AN/ARC-27 transceiver. 101 AN/SPG-50 radar. 198
AN/ARC- 146 satellite communications terminal, 134 AN/SPG-53 radar. 198
AN/ARD-6 direction tinder, 315 AN/SPG-55 radar, 201
AN/ARR-9 link receiver-display. 208. 232 AN/SPG-56 radar. 201
AN/ARR- 16 receiver. 113 AN/SPG-59 radar, 201
AN/AftW-17 receiver, 233. 241 AN/SPN-I0 carrmerIanding equipment. 280-281
AN/ARW-37 receiver, 213. 241 AN/SPN-40 receiver. 282-283
AN/AWIG-9 weapon system. 206 AN/SPN-42 carrier-landing equipment. 280
AN/AWG- 1 weapon system. 203 ANI'SPQ-2 radar. 238
AN/BLR-6 direction finder, 320- 321 AN/SPQ-5 radar, 200-201
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AN/SPS-2 radar, 189-190 cumtin type. 178
AN/SPS-17 radar, 191 dipole type. 172, 173, 198
AN/SPS-29 radar. 191 directional systems. 20!
ANISPS-30 radar, 193 duplexing circuits, 201-203
ANISPS-37 radar, 19! Mark 22. 297
AN/SPS-40 radar. 191 parabolic reflector, 169, 187-88
AN/SPS-43 radar. 191 paraboloid type. 193
ANISRA-13 antenna multicoupler, 84-85 planar types. 178. 206
AN/SRA-14 antenna multicoupler, 84-85 polarized beam, 173
AN/SRA- 15 antenna multicoupler. 84-85 random-installed, distortion by. 209
AN/SRA- 16 antenna multicoupler. 84-85 rotating ryies. 188. 198
AN/SRA-35 antenna multicoupler. 85 rorodome-installed, 209-211. 391
ANISRA-Mi antennsa muhicoplet. 85 sequential lobing. 196
AN/SRA-37 antenna multicoupler. 85 SK-3. 109
AN/SRA-38 antenna multicoupler. 86 stacked-beam type, 189-190
AN/SRA-39 antenna multicoupler. 86 Yagi type, 176-178, 214, 232
AN/SRA-40 antenna multicoupler. 86 Antennas, radio
AN/SRA-49 antenna multicoupler. 86 AT- 317 loop antenna. 153
AN/SRA-50 antenna mulzicoupler. 86 balloon-supported. 137-I138, 145-146
AN/SRA-56 antenna multicoupler. 83 Bellini-Tosi crossed loop, 263.
AN/SRA-57 antenna multicouplef, 85 Ste also Radio direction finders
AN/SRA-58 antenna multicoupler. 83 biconical systems. 106-107
AN/SRC-20 transceiver, 104 broadband types, 78-79
ANISRC-21 transceiver, 104 characteristics, testing, I7
AN/SRN receiver. 291 clearing-line loop system, 152
AN/SRN-12 receiver, 284 congestion. shipboard, 78
AN/SSA-2I data-link terminal, W8-il81 conical monocone. 80-82
AN/SSR-HI receiver. 157 conical monopole, 79--80
AN/SSC-2 SATCOM terminal. 129-30 diplex coupling, 84
AN/SSC-3 SATCOM terminal, 130-133 dipole type, 111. 307, 314-315
AN/SSC-6 SATCOM terminal, 130. 133 directional systems, 107, 121. 253
ANISSQ-65 console, 358 DQ loop antenna, 153
Antarctic areas, 144 duplesang circuits. 176
AN/TED transmitter, 104 early types, 6
Antenna coupler. SE4363. 60 fan type, 410
Antenna diplex coupling, XZ, 84 helicopter-supported. 145
Antenna multicouplers high-frequency, 78

AN/FRA-49. 83 high frequency multiplexing. 82-84
AN/SRA- 13. 84-85 high-frequency, shipboard integration. 78,-79
ANISRA- 14, 84-85 high-frequency shipboard, radiation characteristics. 82
A N/SR A-I15, 84-85 horizontal, end-fire array. 209
AN/SRA- 16, 84-85 horn types. 31(6-320. 422
AN/SRA-35. 83 loop-receiver coupling, 153
AN/SRA-36. 83 loop types. 20-21. 149. 151- 157, 284. 309-3110
AN/SRA-37. 83 lower-frequency multiplexing, 135- 156
ANISRA- 38. 86 lower- frequenicy. shipboard, 145- 146
AN/SRA- 39. 86 lower-frequency types, 144- 145
AN(SRA-40, 86 multicoupler systems, 84-86. 107, 156
AN/SRA-49. 86 multiplexing. 107. M.2 M7
AN/SRA-50, 86 for Omega systems, 284
ANISRA-56, 85 omrnidirectional, 211
AN/SRA-57, 85 parabolic reflector. 114, 1 17-121, 127, 129-130, 276
AN/SRA-58. 85 paraboloid types. 109- 110. 115- 116. 12
C1J2554JR. 107 pattern distiortion. avoiding. 4I 15 116
CU 1571, 86-87 radiation resistance in. 16
CU1574, 86-87 rotating beam, 251, 274
CU 1575, 816-87 in satellites. 4Wt

Antennas, radar size redsii,,n.o 17S
cornet reflector type, 215 sleeve types. 784 79, 112
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spiral types. 321 ASH radar. 203

submarine-towable buoy. 88, 154-155 Assault drones. St Drones
subsurface, potentiality explored, 20-21 Assistant Secretary of the Navy. St Roosevelt. Theodore, Jr.
trailing-wire, aerial, 49, 98. 142. 283 Astronomical observation stations, 568
trailing-wire, submarine, 145. 149-150, 2231 Astronomical observations. 161 -3
UHF types. 105-107 Astronomy, advances in. 27
varajations, minimizing. 49 ASV radar, 203
wide-aperture, circular. 314-315 AT- 3l1 loop antenna. 15 3

Antiaircraft defense. See Airborne early warning Atlantic area, 9.3-94. 133, 136-1.14. 142. 186, 201. 209-210. 2601.
Antigua, 246 264,.305..564, 369
ANTIETAM, USS. 280-281 Atlantic City Conferences. 145, 359
Antipodes of stations. diurnal variations, 139-140 Atlantic Fleet, 47. 228
Antisubmarine radio buoy. Ill-I113 Atlantic Missile Range. 246, 365
Antisubmarine warfare (ASW), 212, 264, 267-268. 300. 307. 309. Atmosphere, measuring phenomena in, 396

316 Atmospheric noise, shielding against. 290
AN/TPQ- 18 radar, 246 Atomic explosion, radar detection, 216
AN/TRC- 156 SATCOM terminal. 134 Atomic freqsency standards, 358-162

AN/ULA-? signal analyzer, 325 Atomic hydrogen maser standard frequency, 161

AN/URC-9 transceiver, 104 ATULE, USS. 90
AN/URC-32 transceiver, 73 Audio amplifiers. 12

AN/URC-55 spread-spectrum modem, 132. 369-370 Audio-frequency eq~ualiiation, 24

AN/URC-61(S) spread-spectrum modem, 132 Audion vacuum tube, 12-13. 16

AN/URN-2 receiver. 287 AUGUSTA. USS. 183
AN/URN-Ill receiver. 284. 287 Austin. L. W., 15
AN/URQ.9 frequency standard, 157-358 Austin-Cohen formuila. 16. 117
AN/URQ-l0 frequency standard. 357 Australia area, 47-48, 144, 286. 368. 398

AN/URQ.13 frequency-time standard. 370 Aatiimatic Aircraft Interceptor Contriol System (AAICS. 388-3190
AN/URQ.23 oscillator, 372 Automatic aircraft navigator, 276-279, 316-318

AN/URR-13 receiver, 104 Avalanche in silicone diiides. 384

AN/URR-35 receiver. 104 Azon guided bomb. 233-214

AN/USC-2 AEW-interceptor data link. 390 Azores area, 286-288, 290)
AN/USD- IA secure-guidance system, 2453
AN/USM-l 10 frequency synthesizer. 157

AN/USM-l I I frequency synthesizer, 357 B-29 aircraft. 205
AN/USM.194 frequency synthesizer, 357 BA 1FF system. 253
AN/WLR-I radar interceptor, 320, 322 Backscatter reflections, 178, 21 '1-216
AN/WPN-4 receiver, 283 Backcward -wave-osc illatsr tube, 33 -334
AN/WPN.3 receiver. 283 Baffin Bay area, 118
AN/WRN-2 receiver, 284 Bahamas area. 287
AN/WRR-2 receiver. 73 Bahrain Island. 139
AN/WRT-2 transmitter, 73 Bainbridge Island, Wash., 2143
AN/WSC. I ship SATCOM terminal, 114 Balanced -ampli fier circuit, $I. 59
AN/WSC-2 SATCOM terminal. I30. 112-111 Balboa naval radio statiiin. VAs
Appropriations. Congressional, 1, 27. 1 1- 2, 45- 17, 39, 171 Balewa, A. T., 126
Arabian Sea area. I38 Balloon-bornec transmitter, 91
Arc oscillation generators. 16 Balloon-supported antenna, 117-114, 115- 146
Arc stations. I36 BANG, USS. 147
Arc transmitters, &-I1, 47, 53-54, 86 Bar Harbor naval rastit station, 20)
Arctic areas, 138,l 143., 145. 284. 2847, 291) Barbers Point, Hawaii, 144
Argentina. 286 Barrage system receivers, 156
ARIZONA. USS, 96 Baseline 1f escrcises, 457- 454
Arlingitonnaval radsistatiin NAA).6,8-9, 14.24.52-51, 347. 16k.165. Bat missile, 235

;68 Battlesipl-vs. -aircrAft siintriversy, 2213-22.1

Army Conmmunications Net. 55 Baudot code, 224
ASA radar. 203 BIC-221. firequenmy mter. 151
ASS radar, 201-201, 208. 212, 232. 277. 1014 BE I FF system. 213
ASD radar. 203 Beaton responses, display oif, 19k N94
ASE radar, 201 Beam-rider guidance in guided missiles, 216, 2348
ASG radar, 203 Bedrock system, 147
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Bell Telephone Laboratories. 176. 19C 30. 391. 390 200.3W. U1-309. Soo aft. Cook~ RADII A. 3., MeCa*m
Selimni-Tosi crued-loop antenna. 263 VADM John S.
Belmoar noval radio station. 20-21. 300 Bureau Of Cooseructioll and Repair, 31. 36. 130
BELMONT. USS. 122 Bureau of Engineering. 24. 31-32. 3436. 39. 47. 49. 59. 61-63.

Bendx Eectic ompny,20167. 169. 172, 175, 130. 196, 225. 221, 251. 34S. 363. So* aks
Bennett. CAPT E. L. 31-32 Bowen. RADII H. G..* Robinson. RADII. S. MI.
Bering Se e,1718Bra f qimn.1 5 & 9
Berlin radio conference. 344 Bureau of Naval Weapons. 259. 237 3811
Bermuda area. 284, 287-2118. 294 Bureauof Ordnance. 31.37, 175,180.195,225,235-236. L Sm e ok.ADMI
SF IFF system. 253 Harold L.
BF IFF system. 253 Duresuo(Shipa, 36-37,1. 1279-230,283-2B4.287, 320,379. 381.386.390
SO- I airctaft. 229 391
534 1FF system. 253 Bureau of Steam Enginting. 18, 21. 24, 31
SII 1FF system. 253 Bureau system, ~Asvy Department, 27

Smchowsky. F. R., .17 Buseau of Y" arsd Docks, 31Bicossical antenna, 106-107 Burke, ADM Arleigh A.. 116-117. Sar&se Chiefof Naval Operations
Bikini nuclear teats. 229 BURTON ISLAND, USS. 137, 145-146
Binary digital techniques, 253-234.259 384-386 BUSHNELL, USS, 148
Birslnesting. 338 Buzz bomb attacks, 195. 241
BIRMINGHAM, USS. 263
Biscay. Bay of. 264. 300,. 503 C-I timer, 282
BJ transponder, 253. C-54 aircraft, 289-294
OK transposnder, 253 Cable, John L.. 23
BL tranaponder. 2531, 255 Cable communications. 2, 5
Blackouts, higth-frequency. 137, 145 Cairo, Egypt. 99
Blanking system AN/SLA. 30, 324 Cairo radio conference, 344
SLENNY. USS. 88. 111 CALIFORNIA, USS, 49. 61, 96, 183. 224
Bloch. ADM C. C.. 220 California area 109,141. 39
Blossom Point Tracking and Data Acquisition Facility. 396,404.406 Call letters. stations by. So. Radio stations by call letters
Sm transponder. 255 Call sign encryptor. electronic, 76
SN transponder, 253, 255 CAMDEN. USS, 54
SO transponder, 255 Camp Roberts, Calif., 369
Sod. Norway. 138-139. 284 Canada, 379
Bombs Canal Zone area S.,46. 147, 287,.330

Azon, 233-234 CANBERRA, USS, 129-130. 200. 324
glide types. 229, 233. 236 Canfield, R. L., 37
Glomb type. 235 Capacitor.' high-power, vacuum variable. 85
Pelican, 235 Cape Canaveral, Fla.. 143, 200, 238, 246,397
Raton. 233 Cape Hatteras area 264

Bordeaux. France, 30 Cape May, N.J., 228, 230, 263
Bosphorus are, I111 CARBONERO. USS, 238
BOSTON. USS, 200. 242 Caribbean area 5, 24, 86. 180-181. 227
Boston novel radio station, 137,363 Carnarvon radio station (MUU). 21
Botswana, 140 Carnegie Institution, 44,171
Bougainville are, 232 Carrier-landing equipment
Bloulder, Colo., 91, 404 AN/SPN- 30. 280-281
Bowen, RADII H. G., 33-36. 38. 173-176 AN/SPN-42. 280
Brandywine satellite ground terminal, 33,129,369 Carrier traffic and landling control. 279-280
Branly, Edouaed, 6 CARRY, USS. 383
Brazil area. 286 Cathode-coupled crystal oscillator, 104
Beenner Pass, 233 CAVELLA, USS. 89
Brest naval base, 264. 300 Cavite Navel Station, 5. 9
Berish Mkission, 387 CD6 (Comprehensive Display System), 379,381
broadband antenna. 78-79 CE615 transitter. 17
BRR-3 radio receiver. 337 CECIL, USS. 3413
ST aircraft, 228 Central Pacific are, 282
Bullpup missile, 240-241 Cesium-beamn tesonance principle. )W1361
Buoy system, 69 CG916 tube, 14
bureau of Aeronautics, 37. 175, 130,204,.227.,229, 233. 236, 251. CG 3144 tuba, 14.169
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CG1162 tube. 14 Commander. Task Force. Atlantic. 301
CG1353 tube. 15 Commander-in-Chief. Pacific Fleet. Sae Hopwood. VADM. Stump.
CG2172 tube. 15 VADM
Chaff confusion device, 338-340 Commander-in-Chef, U.S. Fleet. 36. 180. 228. Sar ahe Bloch,
Chaff dispenser AN/ALE-29. 339-340 VADM. Coontz. ADM R. E.. Hepburn, ADM A. J.. King,

Channel allocation. Sa Frequencies. channel allocation Fleet ADM Ernest J.. United States Fleet
Charleston naval radio radio station. 137 Communications Moon Relay (CMI). 116-122
Chatham naval radio station. 20 Communications buoys
CHESTER. USS.183 AN/BRA-10. 89
Chesapeake Bay area, 70. 82. 109. 189. 215. 23. 238. 240. 280. AN/BRA-27, 89-90

282. 290, 294, 301. 335. 340.379-'381,35 Communicationsequipment. radio(meash Radioequipment. general)
CHICAGO. USS. 183 AN/APW-4 guidance receiver. 238
Chief Constructor. Navy Department. 31 AN/APW- 19 command-guidance system, 243
Chief of Naval Operations. 34-36, 47. 125. 175. 176, 180. 183. AN/ARC-I transceiver, 98-99

227-229, 283. 377. Sw id/s Anderson, ADM George W., AN/ARC- 13 transceiver, 104
Burke. ADM Arleigh A.. Cuonta. ADM R. E. King. Fleet ADM AN/ARC- 19 transceiver. 10 1-102
Ernest).. Leahy. ADM William D., Standley. ADM William AN/ARC-27 transceiver. 101
H. AN/ARC-146 SATCOM terminal, 134

Chief of Naval Research. 121, Ser ab Bowen. VADM H G. AN/ARR-16 receiver. 113
Chile area. 286 AN/ARW-17 receiver, 233. 241
Chollas Heights, Calif.. 9. 283 AN/ARW-37 receiver. 233. 241
Choshi, Japan, 139 AN/BPA-I direction finder, 319, 320
Christ Church. England, 133 AN/BRA- 10 communications buoy. 89
CINCINNATI. USS, 183 AN/BRA-27 communications buoy. 89-90
Cipher keys, quality of. 75 AN/BRA-7 submarine-towed buoy antenna. 155
Circular trace on screen. 172 AN/CRT sono-radio buoy. 111- 113
Circumnavigation of globe by submarine. 147 AN/DPN-3 transmitter, 238
Civilian employees. 18 AN/DPN-7 transmitter. 239
Clearing-line loop antenna. 151-152 ANIDPW-2 receiver-decoder-bescon, 240
Cleeton. C. E., 188, 254 AN/GRC-27 transceiver, 101
Clock, quartz-crystal, time transmissions with. 363-365 AN/SRC-20 transceiver, 104
Cloud cover, recording. 400 AN/SRC-21 transceiver, 104
Clutter factor in radar, 177-178, 209. 212-213 AN/S.Q-17 transmitter. I I 
Coastal shore stations, I 11, 137 AN/SSR-I I receiver, 157
Coastal radio direction finding. 264 AN/TED transmitter. 104
Coco Solo. C. Z., 144 AN/URC-9 transceiver. 104
Code generator, 75 AN/URC-32 transceiver, 73
Coding and decoding systems. Se Encryption system, electronic AN/URC-55 spread-spectrum modem, 152. 369-570
Coherer, Branly's, 6 AN/URR-13 receiver, 104
Coherer detector, I I AN/URR-35 receiver, 104
College, Alaska. 144 AN/WRR-2 receiver. 73
Collins Radio Corporation, 386 AN/WRT-2 transmitter, 73
COLORADO, USS, 24. 86 arc transmitters. 6-11. 47. 53-54, 86
Combat Information Center, 194, 209, 211, 279, 377-379, 382, 391 BRR-3 receiver. 157
Combined Chiefs of Scaff, 256 CW936 transceiver, 14. 49
Combined Communications Board, 256 CW 1058 aircraft receiver. 14
Combined Research Group. 254, 26-257 DQ loop antenna, 152
Command and control GF transmitter. 67

electronics in. 375-381. 388. 390 GR/RU system. 67
radar role in, 377 GH transmitter, 67
radio needs in, 147 GI transmitter, 67
satellites role in. 133 GL aircraft communications system, 98

Command-guidance system AN/APW- 19. 243 IP-76 receiver. 16, 18
Command ship (APD). 83 JM sono-radio buoy. I I 1-112-
Commander, Aircraft Battle Force, 273 MD transmitter, 67
Commander, Aircraft Scouting Force. U.S. Fleet, 67 ME transmitter, 67
Commander, Atlantic Squadron. Sr Johnson, ADM A. W. RAA receiver, 156
Commander, Battleship Division, Battle Fleet. 267 RAB receiver. 61
Commander, Submarine Division. Battle Fleet. 56-57 RAC receiver. 156
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RAK receiver, 149. 152. 156 XJ-2 receiver, 95-96
RAL receiver, 61, 156 XK transmitter. 56
RAO receiver. 61, 304-305 XP-I transmitter, 95-97
RBA receiver, 156, 354 XT aircraft communications system, 98
RBB receiver. 61, 354 SV receiver, 96
RBC receiver, 61, 354 XZ antenna diplex coupling, 84
RCK shipborne receiver, 99 Communications equipment, World War I, 1. 10-14. 16-21,

RDZ receiver, I01, 104-105 27-28, 47, 136. 131
RE receiver, 61-62. 155-156 Communications ships (AGC). 78, 82
REN sono-radio buoy. I 1l Communications systems. S€ by typ
RF receiver, 61-62, 155-156 Comparator, high-precision, 355
RG receiver, 60-61 Compass Link project, 129
RO submarine receiver, 156 Comprehensive Display System (CDS), 379, 381
RU receiver, 67, 272, 274 Computer systems
SE95 equipment, 18 in aircraft navigation, 280, 289-291
SE143 equipment, 18 IBM 7090. 410
SE 1000 vacuum-tube audio amplifier, 19 radar, use with, 313-314
SE1310 transmitter, 269 in satellite communications, 123, 130. 132
SE1375 equipment, 25 in space surveillance. 410
SE1385 transmitter, 25, 65 in tactical data systems, 384, 386
SE1420 equipment. 18 in target determination. 189-190. 206
SEI605 amplifier. 19 Conducting-glass-probe technique, 389-392
SEI615 amplifier. 19 Congress
SE950 aircraft receiver. 19 appropriations by. I. 27. 31-32. 35-37, 39. 171
SE3716 crystal holder. 57 first broadcasts from, 23
SE4363 antenna coupler. 60 Conical monocone antenna. 80-82
T-347/SRT submarine-rescue buoy. 114 Conical-scan radar, 198
T-616]SRT submarine-rescue buoy. 114 Conical monopole antenna, 79-80
TAF transmitter. 84 CONNECTICUT, USS. 9
TAR transmitter, 57 Consoles
TEF transmitter, 58 AN/SPA-26, 183
TBG transmitter, 57 AN/SSQ-65. 358
TBJ transmitter, 9 Continental Air Defense system, 190. 200
TBK transmitter. 58 Continuous-wave radar, 169, 172.414
TBL transmitter 57-58 Continuous-wave radio. 6. 5I
TBN transmitter, 64 Continuous-wave receivers. 73
TBS transceiver. 96-97 Continuous.wave transmitrers, 73
TBX transmitter. 58 Convair, 237
TCS transmitter, 58 Convoy operations, 96-97. 186. 264, 300
TDP transmitter, 282 Cook, RADM A. B. 171 San aho Bureau of Aeronautics
TDQ transmitter. 99 Coontz, ADM R. E. 30-31, 47. Se so Commander-in-Chief. U.S.
TDZ transmitter. 101-102. 104-105 Fleet
TI. transmitter. 62 Coordinates, circular. 287-290
TO transmitter, 84 Corner reflector antenna. 215
TU transmitter, 84 Corner transmitter. 53
TV transmitter. 49, 62. 84 CORRY. USS. 308-309
TW equipment. 49 Cosmos project, 381
TX equipment. 49 Council of National Defense. 28, 35
XA transmitter. 54-55 Council for Research. 35

XB transmitter, 55 Countermeasures. See Electronic countermeasures
XCS shipboard receiver, 101 Countermeasures intercept, radio. 21. 39
XCU trai.sceiver, 101 Coupling tube-resistor network. 86
XCX transmitter, I I I Criggion, Wales, 284
XD transmitter, 53-54. 365 Cryptographic generators. 75
XDM submarine-rescue buoy. 114 Cryptographic security. 253-254
XE transmitter, 55-56 Crystal-controlled frequencies, 46, 346-iSO, 363

XF transmitter, 54 Crystal-controlled oscillator, 50-51, 56. ;55-156, %61, 63-3.4,
XF-I transmitter, 55 407
XJ- I receiver. 96 Crystal-controlled transmitters, 48. 51-53, 55, 57-59, 64, 101. 171
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Crystal detectors. I I DAU direction finder. 310
Crystal holder SE3716, 57 DAV direction finder, 301
Crystal oscillator circuit, 50 DAVIS, USS. 303
Crystals DAW direction finder, 310

procurement, storage and supply, 57 DB direction finder, 267

structure studies, 51 DBA direction finder, 310
temperature control of, 51 DBU direction finder. 316

CU255/UR antenna multicoupler, 107 DBV direction finder, 316
CU1373 antenna multicoupler, 86-87 Decca navigation system, 294
CU1574 antenna multicoupler, 86-87 Deception in electronic countermeasures, 335-338, 375. See aho
CU1575 antenna multicoupler, 86-87 Electronic countermeasures

Cuba area, 5 Deception systems, radar, 335-340
Cuban missile crisis (1962). 89 Decoding systems. Set Encryption systems, electronic

Culver Cadet aircraft, 228 Defense. Department of. 125.244,246.258-259.293,363.369.377.381.395
Curtain antenna. 178 404,407.409

CURTIS. USS, 183 Defense Communications Agency. 127. 133
CUSK. USS. 241-42 Defense Communications System, 133

Cutler naval radio station (NAA). 138-141, 145, 147-148 DeForest, Lee, 12

Cutting & Washington. 17 DeForest Company, 9

CW931 tube, 14 De Lany, VADM W. S., 301
CW933 tube. 13 Delta launching vehicle, 397

CW936 transceiver, 14, 49 DENTUDA, USS. 316
CW 1058 aircraft receiver. 14 Denby, Edwin, 31. 34. St aho Secretary of the Navy
CW1344 tube. 59-60 Depot of Charts and Instruments, 361
CW1818 tube, 55-56 Depression period, 61

CXAM radar, 109, 181. 183 Destroyer Division 61. 386

CXAS radar. 196 Destroyer Division 262. 383
CXA7 radar, 195 Destroyers, 693 class. 79

CXBF radar. 195 Destroyers-for-bases agreement, 60

CXFG pulse repeater. 335 Detectors, magnetic, I
CXGE jammer. 304 DETROIT. USS, 84, 96

CXS direction finder, 268 Dewey, ADM George. 2

Cycle matching, 282 DH-4B aircraft, 63
Cyprus ares, 133 Digital-to-analog converters, 384-386

Digital counter AN/GYK-3 (V), 314
DI aircraft, 230 Digital counter techniqsfe, 312-313

DA direction finder. 263, 267 Digital data converters. 384

DACON (digital-analog). 384-386 Digital memory, first magnetic disk. 384-385
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DAF direction finder, 264 Dipole antenna, II1, 172. 173. 198. 307, 314-315

DAH direction finder, 264, 310 Direction finder stations, frequencies for, 264

Dshlgren. Va , 225-226.410.412 Direction finders Se Radio direction finders
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Daniels. Josephus. 14. 28. 30-31 Distance measuring with pulses, 169, 171
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DAS receiver, 282 DL direction finder. 267
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Data-collection systems, satellites in. 404-406.411-412 DOGFISH, USS, 151, 320-321
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DQ loop antenna, 152 AN/ALQ-5l pulse repeater, 337
Drift determination by RDF. 276-279 ANIALQ-76 jammer. 333-334
Drone Service Group. 228 AN/ALQ- 100 pulse repeaster. 337
Drones. assault functions tested, 229 AN/ALQ-I126 pulse repeater, 3 37
DSCS satellites. 130--134 ANIALT-2 jammer. 330. 332
DT direction findez. 307-308 AWiALT-19 jammier. 333
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E2B aircraft, 212. 390 AN/WLR- I radar interceptor. 320, 322
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EA-6 aircraft. M3-35 CXGE jammer. 304
Early warning systems. Ser Airborne early-warning systems deception practices, 355-338, 375
Earth definition, 299

first high-altitude photos. 596-396 first strategic use. 299
ionosphere interspace. 140-141 growth of. 299
magneric field. 140 interference blanking system, 324-125
satellite systems. 397 jamming in. 299
satellite objects, number recorded, 412 lamming devices, 330-335

Eaistern Test Range. 246 Japanese development, 186, 189. 300)-301, 305-307, 316
EC-121K aircraft. 286-287, 290 MBE pulse repeater, 335
ECHO satellites, 121 missile-control systems. 337. 340
Echo transmissions naval operations, importance in. 299

from moin, 115-116 Navy development. 299-300
inrdio direction finding, 276-279 OB modulation analyzer. 304

studies of effects, 176, 191, 191, 201. 276 postwar development, 307
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Edison. Charles, '15, 176. 227 Stei/a Secretary of thu Navy pulse repeaters in deception, 335-340
Edison. Thomas A . 27-28. it.11, 13-6 radar passive deception and confu~sion. 338-34
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EDS (Electronic Data System), 381-.M4 RBK receivei. 304-3101
Eiffel Tower, 14 RBW receiver. 104-305
Eitel-McCullough, 178. 183 RBX receiver. 404
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Electromagnetic shielding. 31 RDG receiver. 104 I
Electron-coupled oscillator. 57-58 RDH receiver. 304
Electron-coupled. oscillator-cootrolled transmitters. 17-58 SE2952 receiver, 300
Elecrron-multiplier tube, 336-317 shipboard intercept systems, 320-423
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Electronic countermeasures source. radio-determined. 31

airborne intercept systems. 315-316 submarine inrercept systems, 416-320
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XCA jammer. 304 FBU aircraft. 205
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XCV direction finder. 316. 318 F- I I I aircraft. 206
XCY direction finder, 316. 318 FA radar. 196

Electronic Data System (EDS), 581-384
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Emanations, suppressing. 77-78 Fire control, radar in. 176. 193-198. 37. 340
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Encryption system, electronic, '3-76 First Fleet, 357-359
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England. Sir Royal Air Force. Royal Navy, United Kingdom FL radar. 198
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Environmental Services Space Disturbance Forecast Center. 404 Fleet Tactical Data Systems, 79-588
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divders. ;S4-%SS, W5, ;1, %t1. 165 AN FRM-'. frequency monitor. 14
hetrowdyne mvet, 148 AN,'URQ.9 frequency stanard. W-58
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higher. long-range, 24 BC*221 frequency meter. ;1
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multipliers. ;54- 155 SF2W0 frequency meter. ;48
navigational carriers. 284 SE.i)0' frequency standArd. ;48
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for aircraft, 63-67 Iceland are, 138. 145, 147, 284, 286-288. 307-308
antenna, 78 Identification, friend-e (IFF). 39, 45, 111, 186
blackouts in. 137, 145 ABA system, 253
equipment development, 49 in air defense, 379-381
equipment performance standards, 61-63 AN/APN-7 transponder beacon. 253
equipment technical problems. 61-63 AN/APN-13 transponder beacon, 260
erratic performance, 43-45 ANIAPN-41 radar beacon, 241
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radar intercept. 307-308 ABK transponder, 253, 255
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* Lower frequencies Master oscillator-power amplifier transmitter, 21 1-212
defined. 136 MATALOC system, 384. 389
phase stability in, 283 MBE pulse repeater, 335
radar systems, 190-191 McCain. VADM John S.. 301. See alo Bureau of Aeronautics
radio communication in, 136-1 17 MD transmitter, 67
receivers, 115-157 ME transmitter. 67
use of. 5-6 Mediterranean area, 126, 138. 142, 147, 260. 283, 303. 38

Lower-fnquency antennas. 144-145 MEDREGAL, USS, 145. 149
Lower frequency multiplexing antenna, 155-156 Mehl. R T., 37
Lower-frequency shipboard antenna. 145-146 Melbourne, Australia, 47
LST 506. 104 MEMPHIS, USS, 54-55
Lualualei naval radio station (NPM Mel8-141c 145.d147-148.o68 MEREDITHS thISS c86
Lsn-Alph radiation, 40P-404 Meteorological dat collection. S Weather data collectn
Lyons radii station. 21 Meters. higher-frequency. 110- 151

Mexican incident (1914), 18
Mexico area, 96-497

Madagascar area. 126 MIAMI. USS. 335
Madre OTH radar. 214-216 Microphone placement, 24
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Micropound thrusters, 402 National Academy of Sciences. 397
Microwave eatch systems, radar, 191 National Aeronautics and Space Administration. 120,125,126,246,397,400,
Macrowaves, 118 403
MIDWAY, USS, 130 National Bureau of Standards, 15, 21, 37, 349-30, 8
Millimeter waves, 114-115 National Center for Atmospheric Research, 91
Millipound thrusters, 401 National Company, 359
Miniatutization programs, 13, 46 National Defense Research Committee, 31-36, 187. 210
Ministry of Supply, UK, 104 National Electric Signalling Company. 6

Minitrack system, 397-398.408-410 National Electric Supply Company, 17
MISSISSIPPI, USS, 224 National Emergency Command Post Afloat, I II, 189
MIZAR. USNS, 290-292 National Missile Test Ranges. 238. 245, 365. S.. ah. Atlantic Missile

Modal effect in VLF propagation, 137 Range; Pacifc Missile Range
Modems National Physical Laboratory (UK). 549, 359

in satellite systems. 369 National Radio Astronomy Observatory, 123
spread-spectrum. 132-133 National Radio Quiet Zone. 123

Modulated continuous waves, 187 National Science Foundation. 397
Modulation analyzer, 08, 304 NATO LUNK- 1, -4 and -1I, 390. 391
Modulator-demodulator (modem). 132-133 Nauen (Germany) radio station. 21, 300
Mojave, California, 144 Naval Aircraft Factory, 227
Monitoring Naval Aircraft Radio laboratory (NARL, 17, 21-22, 34

for frequencies. 351-355, 357-358. See afro Frequency-monitoring Naval Communications Command. 404
equipment Naval Consulting Board. 27-32. 36-47

signal-modulation, 24 Naval Electronics Laboratory. 283. 386
task force frequencies, 357-358 Naval Electronics Systems Command. 214, 287

Monopube systems, radar, 198-201, 209, 246, 389 Naval Engineering Experiment Station, 28. 31, 34
Moon Naval Experimental and Research Laboratory. 36

radar contact with, 118-121 Naval Gun Factory, 85
radio echoes from. 115-116 Naval Navigstion Facilities Advisory Committee. 213

Moonshine pulse repeater, 335 Naval Observatory, 27-28, 343, 347, 5418, 3 50, 355., 359, 61-365. 38, 372.
Morocco area, 126 377
Morse code transmission. 147, 256 Naval Ordnance Test Station. 2W8
Motorola, 383 Naval Radio Central, Navy Department, 53
Moving-target indication, radar, 211-212 Naval Radio Communications Control, Navy Department, 46
MPQ-50 radar, 198 Naval Radio Laboratory. 20
Multicoupler antenna systems, 84-86. 107. 156 Naval Radio Telegraphic Laboratory, 15-16. 34
Multi-electron-gun cathode-ray tube, 325-326 Naval Research and Development Board. 56
Multifrequency radar systems. 212 Naval Research Laboratory
Multi-mesh resonant circuitry, 86 activities, scope of., 36-37
Multiple-access satellites, 133 administrative status, 34-36
Multiple horizontal line display, 175 establishment, 2, 20. 27-31, 36
Multiple transmission and reception, first. 24 organization structure, 31-34, 37-39
Multiplex carrier-suppressed pulse-duration modulation, 132-133 a principal research agency, 39. 43
Multiplexing, facsimile, 71-72 Radio Division activated, 25
Multiplexing antennas, 107. 512. 175 site selected, 31
Multiplexing receivers. 86-88 work force, periodic, 34, 37, 59
Multiplexing transmitters. 84-86 Naval Ship Systems Command, 386
Multipliers, frequency. 554-355 Naval Space Surveillance System (Faciliry). 39W, 410-412

Music OTH radar. 214 Naval Tactical Data System (NTDS). 380-382. 384-390
MUU radio station, Crnarvon. England, 21 Novesink naval radio station. 2. 63
Mylar (balloon covering), 93 Navigation and navigation systems

advances in. 27
air navigation, 259-260

N tube, 13 airborne Omega system, 287-290
N2C2 aircraft (drones), 228-231 aircraft homing system, 270-274
N-6 submarine, 145, 223 aircraft navigators, 274-279, 290
N-9 aircraft, 225-226 aircraft systems, 17-18, 20, 22, 25, 267-271
NAA. Sr Arlington naval radio station altitude determination, 274-276
NAA. See Cutler naval radio station AN/APN-67 aircraft navigator. 276
Nantes radio station, 21 AN/APN-99 aircraft navigator. 290
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ANJAPN-122 aircraft navigator. 278 satellites, ue in. 407-401

ANIAPN-153 aircraft navigator, 279 shielding from interference. 268

AN/APN-187 aircraft navigomr. 279 ship development, 267

AN/APN- 190 aircraft navigator. 279 sho development, 264-267
AN/APN-200 aircraft navigator, 279 stations, 264

AN/APN-141 altimeter, 276 submarine applications, 283-284

ANIAPN- 171 altimeter. 276 TACAN system. 260. 274

AN/APN-194 altimeter. 276 UE tiner, 282

AN/BRN-4 receiver, 284 vectoring aircraft, 388-390

AN/SPN-l0 carrier-laoing equipment, 280-281 XM direction finder, 264

AN/SPN-42 carriet-landing equipment, 280 YE direction finder, 272-274

AN/SPN-40 receiver, 282-283 YG direction finder, 273-274

AN/SRN receiver. 291 YL direction finder, 275

AN/SRN-12 receiver, 284 YN direction finder, 275

AN/URN-2 receiver, 287 ZB direction finder, 272-274

AN/URN-18 receiver, 284, 287 NBA frequency-time control, 567

AN/WPN-4 receiver, 283 NBA. $e Summit naval radio station

AN/WPN-5 receiver, 283 NC-4, 24, 268-269

AN/WRN-2 receiver, 284 NDT. Sgr Youami naval radio station

automatic aircraft navigator, 276-279.3 16-318 New Brunswick, N.J., I I

British development, 294 New Brunswick naval radio station (WII and NFF), 20

C-I timer, 282 NEW HAMPSHIRE, USS. 14

carrier traffic and landing control, 279-280 NEW JERSEY. USS, 7, 196-198

coastal system, 264 New London naval radio station, 34. 137, 1 I0-51

commercial production, 267 New Mexico area, 396

computer systems in, 280, 289-291 New Orleans, La., 287

DBV direction finder, 314 NEW YORK (armored cruiser No. 2), 2-3

Decca navigation system, 294 NEW YORK (battleship), 100, 180-182, 195, 253. 280, 377

deficiencies in, 267 New York naval radio station, 137

drift determination. 276-279 New York Navy Yard, 303

echo transmissions in, 276. 279 New York Tiw Magazim, 27
first shipboard installation, 263, 299 New Zealand area, 47, 286, 368

ground speed determination, 276-279 Newcomb's right ascension, 565

high-frequency systems, 307-311 Newfoundlaid area, 287-288, 290

high-precision DF in. 293-294 Newport, R.I., 137

high-precision systems. 293-294 NEWPORT NEWS. USS, 86

lane identification, 287 Night effect

LCCS system, 294 at low frequencies, 24

Lelts system. 294 in radio direction finding, 268, 271
long-range system (Loran), 280-294 in very low frequencies, 140

,orac system, 294 Night-fighter aircraft radar systems, 204-205

Loran systems, 280-294 Nike-Ajax missile system, 200

Mark I Omega equipment, 287-288 NIMITZ, USS, 370-371

Mark II Omega equipment, 288-289 NKF (naval Research Laboratory station), 52, 39, 63
Mark Ill Omega equipment, 290-291 NIJALD-A direction finder, 316-317

Navy development, 263-264 NOAH, USS, 386

night effect in, 268. 271 Nodal point technique. 24

Omega sysrems. 283-293 NOF (NARL radio station). 22, 69-70
paratrooper assembly system. 301. 303 Noise

Prefix system. 294 atmospheric, shielding against, 290

pulse radar in, 280-283 measurements, 284

pulse systems, 280-283 survey of levels, 137-138, 142, 147

pulse technique in, 276 Nome, Alaska, 137

radar as mid to, 263-294 Norfolk Naval Station, 133, 137, 150, 268, 294

radio as aid in. 263-294. 343 Normandy invasion (1944). Soe Overlord Operation

Radus system. 283 North Africa area, 147, 301, 303

Rana system. 294 North America area, 144

rotating loop systems, 263. 268 North American Air Defense Command (NORAI). 412

RU receiver, 272, 274 North Atlantic area, 53, 138, 282, 288
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North Atlantic Fleet, 299 sell-quenching. 17
North Atlantic Try Organizmaton (NATO). 101.369 servo-€onrollad. 372
NORTH CAROLINA (battleship). 183 ultra-audion. 12
NORTH CAROLINA (cruiser). 17 vacuum-tube, 12
Noth Pole. 147 Oscillograph. high-aieed. 45
North Solomon area, 232 00 satellites. 403
NORTHAMPTON. USS, 78-79. 81-83. 85. I11. 183. 189-190 Over-the-horizon (OTH) radar. 45. 212-216
Northwest Cape naval rado ststion(NWC). 138. 145. 146.368-371 Overlord operation. 100. 301. 303. 338
NORTH SOUND, USS. 238-239. 242 OXFORD. US5. 121-122
Norway oea. 148, 188, 286
NOTABLE, LISS. 294
NPG/NLK. Sar Jim Ceek naval radio station P tube, 14
NPM. SN Luelualei naval radio station P3A aircraft, 213
NSF. Sm Naval Aircraft Radio Laboratory P4M aircraft, 315
NSS. SN Annapolis naval radio station Pacific area, 5.24,56.86,136,138.156.186,188.201,204,206,255,255-256.
Nuclear explosion, data collection on. 214. 216, 229 260. 264-267. 273. 279. 290. 307. 316. 357 359. 364. 369

Nuclear tests. 229 Pacific Fleet. 47
Nucation technique. 198 Pacific Misile Range. 143. 246.365
NWC. So Northwest Cape naval radio station Page. Dr. Robert M., 178

Panama Bay. 224

02U aircraft, 228 Panama Canal Zone. SNr Canal Zone
Oahu area. 117, 129, 284, 307 Parabolic reflector antenna, 109,114,116-123,127, 129-130. 169,187-188.
Oakhasnger, England. 122 276
OB modulation analyzer. 304 Paraboloid antenna, 109-110, 115-116, 123. 193
OBSERVATION ISLAND, USS. 81. 246 Pas de Calais, 338
Oceans Naval Air Station, 293 Patents, effect on development, 18, 36
Office of Naval Research. 36, 123. 283. 358-359. 361-362. 390 Patrol aircraft, radio in, 6-47

395 Pattern distortion, antenna, 313-316
O'HARE. USS. 383 PB aircraft. 209
OHIO. USS. 25. 223-224. 268. 270 PB4Y aircraft. 232

Oklinawa area. 122 PBY aircraft, 20 1 203. 268. 271
Omnidirectional antenna. 253 PDM aircraft. 268. 271
Omega systems Pearl Harbor, 5, 9. 67, 138. 152. 176

airborne. 287-290 Peleliu Island, 307
antenna for, 284 Pelican Slide bomb, 235
becomes operational. 293 PENNSYLVANIA, U S,96. 183. 263, 267
differential Omega , 290-293 PENSACOLA, USS. 183

first aircraft operational use. 288 Pensacola Naval Air Station, 17, 280
lane identification by. 287 PEREGRINE, USS, 104
propagation studies, 283-287 Periscope

* stations, proposed sites. 293 " radar wavesuide. 196
On-line electronic encryption, 74 radio direction finder on, 320-321

Opens. Hawaii. 117 television buoy. 70
Operational Development Force, 379 Perth, Australia. 139

Operational Development, Test and Evaluation Force. 113 Peru sea. 286
Optical director. Mark 37, 197-198 Phase stability in lower frequencies, 283
Orbit, determination, 311-313. 395 Phase-tracking technique, 565-369

ORISKANY. USS, 279. 586 PHILADELPHIA, USS, 196
Oscillator circuit, quartz-crystal, 50 Philadelphia Eswaag Balkir, 70

Oscillator filter, crystal, 120-121 Philadelphia Navy Yard. 19. 263. 267
Oscillators Phiko Corporation. 203

AN/URQ-23 oscillator. 372 PHILIPPINE SEA. USS, 279

backward-wave, 333-334 Philippines area, 139, 305
cathode-coupled crystal. 104 Phoenix missile, 206-207, 247

crystal-controlled. 30-51.56, 355-356. 361. 363-364,409 Photographic Zenith Tube, 363
electron-coupled, 57-58 Photographs
high-precision. 290 first ofhurricane, 396-397
radio frequency, 353 first satellite transmission, 118
ring type. 178, 186 first of tropical storm, 397
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satullite target transmisions, 129 firsr broadcasr by, 23
trasamission, 69 Pressure control. So, Temnpearure-humidity-preasure chamber

Photomultiplier, single-channel, 403-404 Preteision system, 70$
Pierce, J. A.. 283 PROCYON. LISS, 54
Piezoelecric crystal frequency control. 49-51 Propaganda broadcasts, German. 300
PIKE. LISS, 316. 318 Propagation
Pilotless aircraft, radio-controlled. 224-227 fiat foirmula. Is

PITTSURGH LIS, 54high-frequency wave, 44
Planar antenna, 178. 180. 206 in higher frequencies. 44
Plan-position indicators. 193-193. 203, 377. 379-381, 383-384, lower-frequency waves. 137-138

390-392 modal effect in VLF, 137
AN/SPA-4. 194 Omega, studies, 2866
AN/SPA-S. 193, 195 precipitation. effect on. II I
AN/SPA-9. 196 radio, progress in, 43-45
ANISPA-23, 195 radio, in satellite communications. 115
ANISPA-33. 195 radio-wave, at VHF. 1W8142
AN/SPA-34. 195 radio-wave, at VLF, 130-142
ANISPA-59, 195 transionospheric VLF, 144
AN/SPA-66, 195 tropospher ic scatter. 107-111
VC, 194 Propellants. missile. 247
VD, 194 PROVIDENCE. KISS, 130
YE, 194 Provincetown. Mass., 148
VF, 194 Proximity fuze. 229
VG. 194 Public Health Service. 23
VH. 194 Puerto Rico area. 5. 286
VJ, 194 Pulse beacons in 1FF, 259-260
VK. 194 Pulse-delay technique. 363
VE. 194 Pulse method. 44-45. 253
VM, 194 Pulse navigational radar. 280-283
VN, 194 Pulse power, higher in radar. 178- 179
VP, 194 Pulse repeaters

Plotting boards AN/ALQ-H(X). 336-337
AN/SPA-IS. 383 AN/ALQ. 19. 337
target. 383 ANIALQ-49, 337

PN-9 aircraft. 268 AN/ALQ-51, 337

Point Barrow, Alaska. 137 AN/ALQ- 100, 3 37
Point Mugu. Calif.. 236. 242 AN/ALQ-126, 337
Polar-coordinate display. 193 CXFG. 335
Polaris Fleet Ballistic Missile, 244 in electronic countermeasure, 335-338
Polaris submarines. 138, 148, 155, 283 MBE, 335
Polar is weapon system. 147, 24 1-24 7 moonshine. 335
Polarization of radio waves. t76 in radar deception. 335-338
Polarized beam antenna, 173 Pulse technique
Poldhu. England. 6 in 1FF, 253
PORTER, LISS. 2 in radar. 253. 276
PORTLAND, KISS. 228 Pulse transponder. 253
Position indication and accuracy. 284, 293-294 Pulses
Post Office Department, 121 distance measurement with. 169-171
Potentiometers. 379. 381 - high-freqluency. 44
Potomac River area. 169172,187-188, 225 PV-I aircraft. 203. 232
Poulsen, Valdemar. 6

Power output. in radio tubes, 13 Q2C aircraft, 243I
P07 (Nauen radio station). 21, 300 Quanrico. Va., 294
PRAIRIE, KISS. 4-5 Quartz crystals
Precipitation static, interference from, 290 determining optical axis. 51
Prefix system. 294 production and supply. 5I
President. U.S. (we ohto Harding. Warren G.. Johnson. Lyndon B..

Kennedy, John F., Roosevelt. Franklin D., Wilson, Woodrow) R4D aircraft. 317
command post afloot. I 11, 189 RAA receiver, 156434
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RAB receiver. 61 AN/SPG-48 radar. 198

Rabaul area, 232 ANISPG-49 (Mark 49) radar. 200
RAC receiver. 156 AWSPG-50 radar. 198
Radar (radio direction and ranging) AN/SPG-53 rada. 198

acronym adopted. 170 AN/SPG-55 radar. 201

air earch by, 188-189 AN/SPG-56 radar. 201
airborne Sun-laying by. 205 ANISPG-59 radar. 201
aircraft detection by. 171-179. 186-2188. 191-193. 204. 215-216 ANISPQ-2 radar. 238
in antiaircraft delenie. 298 AN/SPQ-5 radar. 200-201

AN/APG-25 radar. 198 ANISPS-2 radar, 189-190
AbiAPG-26 radar, 298. 205 AN/SPS- 17 radar, 292
ANIAPG-35 radar. 298 AN/SPS-29 rasdar. 292
ANIAPG-49 radar, 203 AN/SPS-30 radar, 293
AN/APG-51 radar. 298 AN/SPS-37 radar, 192

ANIAPG-59 radar. 203 AN/SPS-410 radar. 291
AN/APN-41 radtar beacon. 242 AN/SPS-43 radar. 291
AN/APQ-35 radar. 298. 205 AN/TPQ- III radar. 246
ANIA PQ- 36 radar. 198. 203 ASA radar. 203
ANIAPQ-41 radar. 198 ASB radar. 201-203, 208. 222. 223. 277. 308

AN/APQ-42 rasdar. 298 ASD radar. 203
ANIAPQ-43 radar. 298 ASE radar. 203
ANIAPQ-47 radar. 298 ASG radar. 203
AN/APQ.30 radar. 198. 205-206 ASH radar, 203
AN/APQ-3 2 radar. 205 ASV radar. 203
AN/APQ-59 radar. 298 clutter factor in. 177-178. 209. 212-213
AN/APQ-72 radar. 298. 205-206 command and control role in. 577

AN/APQ-83 radar. 203 CXAM radar. 209. 1821. 183
AN/APQ-94 radar. 203 CXAS radar. 296
AN/APQ- 100 radar, 298. 206 CXAZ radar. 293
AN/APQ. 224 radar. 203 CXBF radar. 293
AN/APS-2 radar. 203 deception systems and measures. 335-340
AN/APS-3 radar, 203 PA (Mark 2) radar. 196
ANIAPS-4 radar. 203-205 PC (Mark 3) radar. 296
AN/APS-6 radar. 204-205 PD (Mark 4) radar. 296

AN/A PS- 17 radar. 209 PH (Mark 8) radar. 196
AN/APS- 18 airborne radar-link transmitter. 208. 232 in fire control. 193. 195-198

AN/APS-19 radar. 203 first aircraft detection, 171-176,1279.,288

AN/APS-20 rasdar-link system. 208. 222 first aircraft ranging. 172-175

AN/APS-20B radar. 209 first atomic explosion detection, 226

AN/APS-20E radar. 209 first effective detection. 172-179
AN/APS-21 radar. 203 first long-distance missile-launching detection, 2125-216
AN/APS-25 radar. 298 first object detection. 169

AN/APS-28 radar. 298. 203 first se clutter detection. 177-2178
AN/APS-38 radar. 212 F) (Mark 9) radar, 298

AN/APS-44 radar. 222 FL. (Mark 20) radar. 198
AN/APS-67 radar, 298. 205 PM (Mark 22) radar. 296
AN/APS-70 radar. 209-2210 in height-finding. 210-211

AN/APS-80 radar. 212-213 high-power Madre 0TH radar. 2235
AN/APS-82 radar. 209 higher pulse power in. 178-179

AN/APS-87 radar. 209 information displays. 193-1293
AN/APS-96 radar. 209-212. 391 intercept receiver blanking, shipboard, 323-325

AN/A PS- Il radar. 222 intercept signal analysis and recording. 300-301, 303.3W5,
AN/APS- 116 radar. 212 325-330
AN/APS- 120 radar. 222 Mark I (PA) radar. 296
AN/Pq6 radar. 246 Mark 3 (PC) radar, 296
ANIPPS-7 rasdar. 290 Mark 4 (PD) radar, 296
AN/FPS- 26 radar, 246 Mark 8 (P2) radar, 296
AN/MPQ-5 radar. 238 Mark 9 (P)) radar. 298
ANIMPS-25 radar. 246 Mark 20 (FL) radar, 298
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Mark 12 (FM) radar, 196 XAR radar, 183-184, 186
Mark 13 radar, 196 XAS radar, 186
Mark 23 radar. 198.,240 XAT radar, 201
Mark 28 radar, 198 XSF radar, 186
Mark 29 radar, 198 XBF-l radar, 186
Mark 34 radar, 198 Radar beacons
Mark 33 ridar. 198 AN/APN-41, 241
Mark 37 optical director, 197-198 AN/APW-33, 241
Mark 39 rider, 198 Radar displays
Mark 49 (AN/SPG-49) radar, 200 ANIARR-9 link receiver-display, 208. 232
in missile control, 198-201 AN/SPA-4 plan- position indicator, 194
missile-launching detection, 215-216 AN/SPA-8 plan-position indicator. 193. 195
moon, contact with, 118- 121 AN/SPA-9 plan-position indicator, 195
moving target indication, 211-212 AN/SPA-I15 plotting board, 383
MPQ-50 radar. 198 AN/SP A-.25 plan-position indicator, 195
Music 0TH radar, 214 AN/s A-26 console. 383
naval operations, import-ance in. 180, 183, 193 AN/SPA-33 plan-position indicator, 195
Navy development, 24. 39. 114. 377 AN/SPA-34 plan-position indicator, 195
origin. 169 AN/SPA-59 plan-position indicator, 195
over-the-horizon (0TH) rider. 45. 212-2 16 AN/SPA-66 plan-position indicator. 195
passive deception and confusion in, 338-340 VC plan-position indicator, 194
radio, association with, 377 VD) plan-position indicator, 194
range, determination by, 171, 195-198 VE plan-position indicator, 194
SA radar, 183 VF plan-position indicator, 194
SC radar, 185, 194 VG plan-position indicator, 194
SC- I radar, 183 VII plan-position indicator. 194
SCR-270 radar, 176 VJ plan-position indicator. 194
SCR-584 radar, 195 VIC plan-position indicator, 194
SD radar. I8W-188 VI. plan-position indicator, 194
SE radar. 187 VM plan-position indicator, 194
in usa surveillance, 201-203 VN plan-position indicator, 194
SF radar, 107- 188 VP plan-position indicator, 194
SG radar. 187. 194, 203 Radar interceptor AN/WI.R-1. 320. 3 22
SH radar, 187 Radar systems
SJ radar, 187-188 200-MHz system, 176
SK radar, 116. 183, 185, 194 450-MHz system. 186
5K-3 radar antenna. 109 Airborne early warning systenm, 193. 206-209, 3116-390
SI. radar. 187, 189 airborne guided missile radar, 205-206
SM radar. 187, 189, 191, 193 airborne systems. 201-206
SN radar, 187. 189 airborne sea surveillance systems, 212
SO radar, 187- 188 airborne weapon systems radar, 205-206
SP radar, 187. 189. 191, 193. 198, 238 aircraft direction systems. 191-193
SPS-2 radar, 579 sir-weatch systems. log
SPS-48 radr, 386 commerical production, 176, 183. 196. 203, 212
SQ radar, 187 conicall-scan systems, 198
SR radar. 186 continuous-wave, 169, 172
SR- I radar, 186 Doppler radar, 169
SR-2 radar, 186 early pulsed system, 172-176
51-3 radar. 186 ire-control systems, 176. 195-198, 337
SR-6 radar, 186 firat airborne, 276
ST radar, 196 firat fleet system, 179-183
SU radar, 189 fi- shipboard System, 17( -178
in submarine Attacks, 188, 196-198 German development, 235, 299-302
SV radar, 187-188 height-Bonding system, 210-211
SX radar, 191-193 High Power Madre 0TH system, 2 15
techniquea, Association of. 172 Loran systems, 280-283
tranamission source, determining, 313 lower-frequency systems, 190-191
XAE radar, 251-252 Mea 0TH system, 214-216
XAP radar, 179-183, 193, 195, 2512M,377 microwave wearch systems, 19 1
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misasle-control systems, 198-201 radar, association with. 377
missile-rakge instrumentarion. 246 we safety, importance in, 343-3U44
monopulse systems. 198-201, 209, 246. 569 solar radiation effect on. 403
multifrequency systems. 212 submarine reception, omnidirectional, 153
Music over-the-hoizon, 214 from submerged submarines. 43, 56. 145. 148-55
a navigational aids, 263-294 at super-high frequencies, 114-136
for night-fighter aircraft, 204-205 systems planning and analysis. 105
over-the-horizon systems. 45, 212-2 16 trans-Atlantic transmission. 5-6, 20-21

eriscope, use as waveguide. 196 transoceanic and transcontinental, 52-53
procurement program. 180 tropopheric scatter propagation, 107-111
pulse navigational systems. 280-283 in UHF band, 99-100
search systems. World War Il, 183-186 UHF, first shipboard, 100-104
shipboard search systems. 176-178, 189-190 in VHF bands. 94-99
submarine detection systems. 203-204, 212 VLF facsimile, 147
submarine direction systems. 201-203 VlF propagation study, 138-142
submarine search systems. 186-187 VLF transmission, 147-148
super-high frequency systems, 187-189 Radio Control, Navy Department, 227
in systems integration. 379-381 Radio Corporation of America, 11, 157, 183, 200-201, 212, 349.
target-finding systems. 176 381
UHF-AEW systems. 209-212 Radio countermeasures intercept. 21, 39
world's most powerful, 189-190 Radio direction and ranging. See Radar, Radar systems

Radial scan. 193 Radio direction fingers
Radiated power, vertical. 142 airborne Omega. 287-290
Radiation Laboratory. 187, 203-204, 208, 235. 256, 280 airborne systems, 315-316
Radiation resistance in antenna. 16 aircraft homing system. 270-274
Radio broadcasting Aircraft systems, 17-18, 20, 22, 25. 267-271

advent of, I all-around-looking type, 317
broadcast band adoption, 44 altitude determination, 274-276
commercial exploitation, 39 AN/APA-24X(XB- 1) system, 315
continuous-wave, 6,51.410 AN/APA-24X(XB-2) system. 315
early developments, 21-24 AN/APA-24X(XB-3) system, 315
public interest in. 44 ANIARD-6 direction finder, 315

Radio Central station. 363, 365 AN/BLR-6 direction finder, 320-321
Radio communications buoys. 88-89. 111-114 AN/BFQ-1 direction finder, 319, 320
Radio communications (se als Aircraft radio communications) AN/GRD-6 direction finder, 310-311

airborne VLF transmission. 142 AN/SLR-12 direction finder, 322-323

air-ground, 25 AN/SRN-12 direction finder. 284
amplitude modulation vs. frequency modulation, 104-105 British development. 294. 309
command and control needs, 147 carrier traffic and landing control. 279-280
commercial interest in. 2 coastal system, 264
control, national and international, I, 343-345 commerical production 264
early uses, 343-345 computer systems, use with, 313-314
first aircraft message transmission, 16-17 CXS system. 268
first installations, I DA direction finder, 263, 267
first multiplex transmission-reception, 24 DAE direction finder, 267
first Navy message transmission, 2 DAF direction finder, 264
firt radio teleprinter messages, 25 DAH direction finder, 264, 310
first shipboard integration 86, K375 DAJ direction finder. 309
first VHF system, 96-99 DAK direction finder, 267
fleet communications, deficiencies in, 47 DAP direction finder, 264, 267
in high-frequency band, 43-94 DAQ direction finder. 309-310
high-frequency, global, 45 DAR direction finder, 309
high-frequency, from submarines, 88-89 DAS receiver, 282
at lower frequencies. 136-157 DAU direction finder. 310
lower frequencies, phase stability in, 283 DAV direction finder, 301
naval operations, importance in, 1-2. 138 DAW direction finder, 310
a navigational aids, 263-294. 343 DB direction finder. 267
Navy, inception in, 2-5 DBA direction finder, 310
propagation program, beginning, 43-45 DBU diiection finder. 316
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DBV direction tinder. 316 equipment, Receivers. Trammersuws
Dccas nav imon system. 294 commercial reearch and development, 13. 18. 19. 57
delicocies in. 267 compulsory installation. 44
DK direction tinder. 264. 267 early misdels. 4
DL direction linder. 267 effcstency and deficarc" aasaanenes, 11. 18

DM direction finder. 264. 267 env aonmsenral effcts on. 61 4
DN direction tinder. 267 fies Navy sequshamOn. 545
DP direction tinder. 264. 266 hilgh-fitequency development. 49

drift determination. 276-279 high-frequency. inteaflert. 49

DUI direction finder. 268 high-frequency, supply to Navy. 61-6il
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Stone Radio & Telegraph Company, 263 Summit naval radio station (NBA). 138, 140, 143, 145. 147-148,
STRIBLING. USS. 386 152,284,365.367-369
STRINGHAM, USS, 16 Superbeterodyne receivers, 60-61
Stump, VADM F. B., 116 Super-high frequencies. 187
Stump Neck satellite research facility, 115. 120-121, 144 in radar systems. 187-189
SU radar, 189 radio communication in. 114-136
Submarine receiver RO, 156 Super-Tals missile, 201
Submarine-recue buoys, Supreme Court justice, Sest broadcast by, 23

T-347/SRT, 114 Surface-to-air missiles. So Guided missiles
T-616(SRT, 114 Surface-to-surface missiles. Sar Guided missiles

XDM, 114 Surgeon General, U.S., 23
Submarine towable antenna, 8, 154, 155 Surveillance systems. global, 171,409-410
Submarine-towed buoy antenna AN/BRA-7, 155 Surveyor space vehicle. 247
Submarines SV radar, 187-188

attacks by, radar in, 188. 196-198 Swanson, Claude A., 35

BANG, USS, 147 SX radar, 191-193

BLENNY, USS, 88, III Synchronizer, first electronic, 283

CARBONERO, USS, 238 Synchronous rotary spark-Sap transmitter, 6

CAVELLA, USS, 89 SYNCOM satellites, 126, 129-130. 135

CUSK, USS, 241-242 Synthesizers, frequency, 356-357, 369, 386

DENTUDA. USS, 316 Systems integration

DOGFISH, USS, 151, 320-321 of air-defense systems, 379-381
DOLPHIN, USS. 223 Airborne Tactical Data System, 386-390

GAR, USS, 186 Automatic Aircraft Interceptor Control System, 388-389
globe circumnavigation by, 147 Combat Information Center role in. 377-379. 382, 391
HARDHEAD, USS, 151 Comprehensive Display System, 379, 381

high-frequency radio communication from 88-89 COSMOS project, 381

IREX, USS, 85, 319-320 Electronic Data System, 381-384

MEDREGAL. USS, 145, 149 Electronic Tactical Data Systems, 379-381
N-6. 145, 223 Marine Tactical Data System, 390-393

omnidireccion radio reception, 153 MATALOC system, 384. 389
PIKE, USS, 316. 318 NATO LINK-l, -4. and -4 ,390-391

POLARIS class, 138, 148, 155, 283 Naval Tactical Data System. 384-386

radar detection systems, 203-204, 212 plan-position indicators in, 193-195, 203. 377, 379-381, 383-384. 390-392
radar direction systems. 201-203 TADIL-A, -1 and -C systems, 391

radar search systems. 186- 187 Triangle system development, 389
RDF applications. 283-284

S class, 56-57
S-4 and S-5 class, 148 T tube, 14

S-30, 152 T- 147/SRT submarine-rescue buoy, 114

SABLE FISH, USS, 147 T-616/SRT submarine-rescue buoy, 114

satellite communication with. 142-144 TACAMO project, 142

SEA LEOPARD, USS. 149 TACAN navigation system, 260, 274

SEA LION, LISS, 145, 153 TACSAT satellite. 134-136

SEACAT, USS, 71. 89. 153 TACSATCOM Executive Steering Group, 134

SKATE, USS, 147, 316, 318 Tactical Satellite Communications Systems (TSCS), 134-136

snorkel types, 212 TADIL-A, -B and -C systems, 391

snorkel-type, communications in, 215 TAF traromitter. 84

submerged, radio communication in, 43, 56, 145. 148-155 Tahiti area, 286
television application to. 70-72 Tas missile. 200-202. 237. 247

THRESHER, USS, 288 TAMPA. USS. 54

TIRANTE. USS. 71. 89 Tananarive. Malagasy. 139

transmitters, high-frequency, 55-57 TAR transmitter. 57

TRITON. USS, 147 Target determination, computers in. 189-190, 206

TRUTTA, USS, 71, 89 Target Identtifcation

universal receivers for, 156 radar In, 176

V class. 55-57 satellie photo transmission. 129

Subsurface antenna, 20-21 Targets
Sugar Grove Satellite Communications Research Facility. 123- 124 serial, maneuverable, 28
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daa nting of, 379-504 THUBAN, USS, 109-110
dross,. Sa, Drones Tikker circuit, I I
identification. So Idernilcation friend-foe Tillamook, Ofe., 91-92
plotting baud. 383 Tinmation satellites, 407-408
televisio in remote observation. 229, 232. 235 Time

Tasse missile. 198. 247 control centralized. 369-373. 375
Task force frequency monitoring. 357-358 frequency determination from. 346-348
Tatoosh Island naval radio sation. 5 precision transmission system. 365-369
Taylor. Dr. A. Hoyt, 20-21, 34. 37, 59, 178, 188 quartz-crystal clock transmissions, 363-365
TBF aircraft. 201, 203. 272 remote stations transmission by, 564-365
TBF rmasmitter. 58 satellite, transmission by. 369-370.407

TBG transmitter. 57 standard, for U. S., 361-363
TJ transmitter. 9 standard atomic. 359
TBK transmitter, 58 standard time transmissions. 361-369
TIlL transmitter. 57-58 standardization, need for, 343
TIBM aircraft. 202. 204. 208 zones. Navy efforts in fixing. 27
TBN transmitter, 64 Time-diffeence method. 211
TIS transceiver, 96-97 Time interval, standardizing, 361-363
TBX transmitter, 58 Time transmitter AN/FSM-5. 364-366
TCS transmitter, 58 Timed spark, 6
TDC aircraft. 228 Timers
TDP transmitter, 282 C-1, 282
TDR aircraft, 232 first electronic. 283
TDQ transmitter, 99 UE, 282
TDY jammer, 303 TIRANTE, USS, 71, 89
TDZtransmitter, 101-102. 104-105 Tizard. Henry T., 187
TEA jammer, 304 T. transmitter, 62
Technical Research Ship Special Communications (TRSSCOM), TO transmitter, 84

121-122 TOPEKA, USS. 5

Teddington, England. 349. 359 Toulon, France. 284
Telemetry, in guided missiles, 246-247 Tracking system, satellite, 397-398. 408
Telemetry systems, development, 595,402,410 Trailing-wire antenna
Telephone conversation, first by satellite, 126 serial, 49. 98, 142, 223
Teleprinters submarine. 145, 149-150, 223

first radio messages, 25, 147 Trans-Atlantic flight, first, 24, 268-269
message transmission by, 67-70. 147 Trans-Atlantic radio transmission. 5-6. 20-21

Television Transceivers
first transmissions. 70 AN/ARC- I, 98-99
Navy development. 70-71 AN/ARC-13, 104
in remote target observation, 229, 232, 235 AN/ARC-19. 101-102

in solar radiation measurement, 403-404 AN/ARC-27, 101
submarine applications, 70-72 AN/GRC-27, 101

Television buoy, periscope. 70 AN/SRC-20, 104
Television three-electron-gun tube, 325-326 AN/SRC-2 1, 104
Temperate areas, 284 AN/URC-9, 104
Temperature control of crystals, 51 AN/URC-32, 73
Temperature-humidity-pressure chamber, 63 CW936. 14, 49
TENNESSEE, USS, 49 TBS. 96-97
Terrier missiles, 200-201, 237, 247 XCU. 101
Teals. Nikola, 223 Transcontinental and transoceanic radio communication, 52-53

Tetrode tube, 13 Transcontinental and transoceanic satellite communication, 116
TEXAS, USS, 54-55, 84, 96, 183 Transistors, 259
Texas area. 394. 397 Transmitters (w also Radio equipment. general)

TG-2 aircraft, 228-229 AN/APS-18, 208, 232
Thoristed-filament tube. 13. 15 AN/DPN-3. 238
Three Sisters radio towers. 8 AN/DPN-7, 239
THRESHER, USS. 228 AN/SSQ-17. III

Thrusters in satellites, 400-402,405 AN/TED, 104
AN/WRT-2. 73
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arc transmitters. 6-11,. 47. 53-54. 86 Transponder beacons

commercial product ion. 57-58, 96 AN/APN-7. 253

continuousi-wave. 73 AN/SPN- 13. 260

crystal-controlled. 48. 51-53. 55, 57-59. 64. AN/CPN-6. 260

101,171 YH. 260
early models, -6YJ. 260
electron-coupled. oscillator -coritrolled. 57-58 Transponders

energy radiated by. 144 ABK. 253. 255

first shipboard U HF. 10 1- 104 AN/APX-I1, 255

GE, 67 AN/APX-6. 256

GH. 67 ANICPX-2, 256

GI, 67 BJ. 253

in global surveillance, 409-4 10 BK, 253
high-frequency alternator. 10- 11 BL, 25.3. 255

high-frequency, balloon-borne. 91 BM, 255 I
high-frequency, high-power, for ships, 54-55 BN, 253. 255
high-frequency, high-power. for shore stations, 53-54 BO, 255
high-frequency models, development, 46. 49. 58 pulse systems, 253

high-frequency, submarine. 55-57 Traveling-wave tube, 134-316

oscillator power-amplifier type. 211-212 Triangle aircraft interception system. 388-W8.1591

MD, 67 Trinidad naval radio station. 284

ME. 67 Tropical areas. 284

oscillator power-amplifier type, 211-212 Tropical storm, first high-altitude photo, 396-397

multiplesing, 84-86 TRITON. USS, 147

number on ships. 63 Tni-Service Radar Instrumentationi Technical Group, 246

performance predictions. 142 Tropospheric scatter propagation. 107-Ill

radio remote control of. 227 Truk Island. 201

SEI3IO. 269 TRUTTA. tJSS. 71. 89
SE 1385, 25. 65 TU transmitter. 84

spark transmitters. 6-7, 47. 86 TU-2 aircraft. 227

synchronous rotary spark-gap. 6 Tube types

TAF. 84 air-cooled, 55

TAR, 57 audion, 12-I1. 16

TBF, 58 backward -wawe-ost Marco, 11;-114

TBG. 57 C6916, 14
TB), 9 CG 1144, 14. 16i9

TBK. 58 CG 1162. 14

TBL, 57-58 CGIiSS, 15

TBN, 64 CG2I'2. 15

TBX. 58 CGi816 1. 58
TCS. 58 CW94I. 14

TDP. 282 Cw91 1, I1

TDQ. 99 CW 1144. 59-60
TDZ, 101-102, 104-1l05 CW1818. 55-%6

TL. 62 development and expliiitatiosn. 12--I5

TO, 84 E. 14

TU. 84 electron -development, 1-2

TV. 49. 62. 84 electron-multiplier. 556-35

vacuum-tube transmitters, 6. 9- 10 feediback circuit in, 18

XA. 54-55 first radio-frequency amplifiers. 19

XB. 55 Gammatron, 173

XCJ, 305 J, 13-14

XD. 51-54, 365 klystron, 191. 209. 212

XE, 55-56 magnetron. 187-188, 201, .530

XF, 54 multi-electron-gun cathode-ray. 125-326

XE-I. 51 N. 13

XK, 56 P. 14

XP- 1. 95-97 power output, 11-14

Transosonde system, 89-94 radar development, lack in. 171
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RK-20, 172 Vacuum-tube oscillator. 12

Kreen-grid. four-element. 55 Vacuum-tube transmitters. 6. 9-10

SE1444. 13 VALDEZ. USS, 122

SE3119. 55-56 VALLEY FORGE. USS. 279

SE3124. 55 Vandenberg Air Force Base. Calif.. 246

SE3382.60 Vanguard satellite system. 91, 200. 246. 195-400. 409
T. 14 Varhaug. Norway. 131

tetrode, 13 VC plan-position indicator, 194

thoriated-filament. 13. 15 VD plan.position indicator. 194

three-electron-gun for television. 325-326 VE plan-position indiLator. 194
traveling-wave. 334-336 Vectoring systems, aircraft. 190- 192
tungsten filament. 14-15 Velocity-heading compensation. automatic. 2814-290

U. 14 Veracruz, Mexico, IN
water-cooled metal-anode, 10- 1. 15, 55 Vertical, effective radiated power (VERP). 142

Tucker. RADM S. M.. 170 Very-high frequency (VHF)

Tuckerton naval radio station (WGG and NWW). 20 aircraft systems. 98-99

Tungsten filament tube. 14-15 first system. 96-99

Tuning-fork standard. 546-147, 149 radio communication in. 94-99

TV radio transmitter. 49. 62. 84 very low frequency (VLF). 21

TW radio equipment. 49 absorption loss, 142

TX radio equipment, 49 computer predu tions of performance. 14 1-42
Typhon missile, 201 coverage predictions. 141-142

ionosphere penetration, 144

night attenuation rates. 140

propagation study. I 18-142
U tube, 14 radio-wave propagation. 8- 142

UA radio station (Nantes), 21 radio communication parameters. 155

UE timer, 282 radio facsimile communitation. 149

Ultra-sudion oscillator. 12 satellite transmissions, 144
Ultra-high-frequency (UHF) sea penetration. 151

in aircraft. 100-102 transionospheri( propagation, 144
antennas, 105-107 transmission in. 147-148

first shipboard. 100--104 VF plan-position indicator. 194

radio communication in, 99--100 VG plan-position indicator. 194
radio equipment. IO- 104 VH plan-position indicator. 194

receivers, shipboard. 99-101, 104 Vibration-testing equipment. 61-64
United Kingdom. 147. 195, 201-201. 288, 290. (68. (77, 179, 381 See ,do Vietnam. Sa Southeast Asia areas

Royal Ait Force, Royal Navy Viking rockets. 9(- k97

United Nations, (44. (8 VIRGINIA, USS. 9

United States Air Force. 80. 101. 104. 127, 129. 134. 136. Virginia Capes, 14
189-190. 206, 209. 243, 258-259. 276. 279, 288, 290, 316. VJ plan-position indicator. 194
77. (79. 404 VE plan-position indicator, 194

United States Army, 101-102. 104. 126. 133-134. 171. 223. 228. VL plan-position indicator, 194

238-239. 241. 243-244. 255. 259-260. 276, 290. (01, (48, VM plan-position indicator, 194
51, (77. (79, (95, 408 See aho Signal Corps, U.S Army; War VN plan-position indicator, 194

Department Voice equipment, first, 14. 49

United States Coast Guard. 55. 59. 282-283. 288, 290 VP plan-position indicator. 194

United Sates Fleet. 47. 65. S haho Cummander-in-Chief. U.S. Fleet

United States Marine Corps, 5, 59, 190, 294, (90-19(
United States Weather Bureau, 91, 96- 97 W2F aircraft, 209. 211, %89-90
UNIVAC, (86 Wahiawa naval radio station, 116-117, 122, 171. 572

UTAH. USS. 224-225, 228-229 WAINWRIGHT. USS, 132
Utility Squadron, East Coast, 228 Wake Island area, 286. 290

Utility Squadron Three. 228 Waldorf Satellite Communication Research Facility. 12.-125, 129.

1(1. "6
Wallops Island. Va., 109, 123

V cls submarines, 55-57 War D)epartment. 17 % 175, 22( See a/so United States Army
V-2 t ckets, German, 195-;96, 401 WASHINGTON, USS. 183

V cuum-tube audio amplifier SE 1000. 19 W hington astronomical observation station, 8
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Wuhing on Channel am, 169 WS-434 %pace sureillance system. M 407-413
Washington Naval Air Station. Sw Anacoatis Naval Air Station WV ar Cr. 139-140. 209
Waslhingon naval radio station. 8. 72, 76, 109. 116-117. 129. 133. WYOMING, USS. 24, 54. 86. 263. 575

137, 351. 369
Washington Navy Yard. 3, 18, 31.227, 267, 348
WASP, USS, 183 XA transmitter, 54-33
Water-cooled metal-anode tubes, 10-I 1, 15.55 XAD direction finder. 307
Waveguide feed, 198 XAE radar. 251-252
Wavelengths XAF radar, 179-183. 193. 195, 251. 280. 377

control, fixing and measuring. 6, 15 XAR radar, 183-184. 186
determining, 343. 361 XARD receiver, 301
dial calibration instituted, 18 XAS radar. 186
first propagation formula, 15 XAT radar. 202

Wavemerer. 546 XB transmitter, 53
Weapon systems XBF radar, 186

AN/AWG-9. 206 XBF-! radar. 186
AN/AWG- 20, 205 XBK iammer, 301
Polaris. 147, 241-247 XCA iammer. 304

Weather data collection and dissemination. 89-94, 396 XCJ transmitter, 305
Weather reports. first broadcasts. 24 XCS shipboard receiver, 101
Webster Field, Md., 93 XCU transceiver. 101
WEST VIRGINIA. ISS. 96, 183 XCV direction finder, 316, 318
Western Complex, 410 XCY direction finder, 316, 318
Western Electric Company, 17, 196. 203 XD transmitter, 53-54.365
Western Pacific area. 69 XDM submarine-rescue buoy, 114
Western Test Range. 246 XE transmitter, 55-56
Westinghouse Electric Company. 67, 201, 204-205 XF transmitter, 54
Whistlers, 142-143 XF-I transmitter, 55
White, Edward D., 23 XJ- I receiver. 96
White Sands Missile Range, N. M., 246. 395 XJ-2 receiver, 95-96
Whitney, William C., 27 XK transmitter, 56
WICHITA. USS, 196 XM direction finder, 264

Wide-aperture circular antenna, 314-315 XP-I transmitter, 95-97
Wide-aperture circularly disposed RDF, 311-315 XT aircraft communications system. 98
Wilbur, Curtis D., 34. 70 XV receiver, 96
WILLIS A. LEE, USS, 383 XZ antenna diplex coupling , 84
Wilson. Woodrow. 1. II, 28
Winch-buoy assembly, 88
Window confusion device, 307, 338
Winktield naval radio station. 144 YE direction finder. 272-274
Wireless Specialty Company, 18 YG direction finder, 273-274
Woomera, Australia, 144, 246 YH beacon, 260
World War I YJ beacon. 260

communications and equipment, 10-14, 16-21. 26-28. 47, 136, YL direction finder. 275
152 YN radio station. Lyons. 21

electronic countermeasures in, 300 YN direction finder, 275
receiver equipment, 14 YORKTOWN, USS, 109, 183

World War II Yoaami naval radio station (NDT), 148, Me
electronic countermeasures in. 300-307. 325
identification friend-foe. 2 3-255
ships in service, 63 ZB direction finder, 272-274

Wright B-I aircraft. 17 Ziegmeier, RADM H. J.. 70
WRIGHT, USS. 85. III. 130, 132-133 ZPG airships, 209-210
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